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THERMODYNAMIC PROPERTIES OF SOLID SOLUTIONS* 


VAPOR PRESSURES OF CADMIUM OVER ALPHA 
SILVER-CADMIUM ALLOYS 


P. HERASYMEN KO? 


A new method of measurement of partial vapor pressures over solid alloys has been develops 
alloys are formed at elevated temperatures from pure components—one of them being present 
form at constant partial pressure—until equilibrium with vapor is reached. The volatile ¢ 
maintained at constant pressure by keeping the pure volatile element in liquid form at 
perature at the low-temperature end of the reaction vessel. 

Partial vapour pressures of cadmium were measured in the whole alpha field for the Ag-Cd s 
The partial heats and entropy of solution of cadmium in silver show abrupt changes at about 4.1, 
25, and 33.3 at. per cent Cd. 


These changes are due to changes in ordering. 


PROPRIETES THERMODYNAMIQUES DES SOLUTIONS SOLIDES—1 
PRESSIONS DE VAPEUR DU CADMIUM SUR LES ALLIAGES ARGENT-CADMIUM 

Il est développé une nouvelle méthode de mesure des pressions de vapeur partiellesen présence dalliages 
solides. Les alliages solides sont formés a températures élevées a parti! des composants purs 
existant dans la phase vapeur & la pression partielle constante—jusqu’a ce que | équilibre 
soit atteint. La pression de l’élément volatil est maintenue constante en conservant cet él 
liquide a température constante dans la partie froide de l’enceinte. 

Les pressions partielles de vapeur du cadmium ont été mesurées dans tout le domaine « du system«e 
Ag-Cd. Les chaleurs et entropie de solution du cadmium dans l’argent changent brusquement vers 4.1, 
8.33, 25, et 33.3 at. % Cd. 

Ces changements sont dus a des modifications dans l’ordre. 


THERMODYNAMISCHE EIGENSCHAFTEN VON MISCHKRISTALLEN—I 

DER DAMPFDRUCK VON CADMIUM UBER ALPHA SILBER-CADMIUM LEGIERUNGEN 

Es wurde eine neue Methode zur Messung des partiellen Dampfdruckes iiber festen Legierunge 
wickelt. Feste Legierungen werden bei erhéhten Temperaturen aus den reinen Komponent 
dargestellt, dass man die eine Komponente aus der Gasphase bei konstantem Partialdruck so 
die andere einwirken lasst, bis das Gleichgewicht des Systems erreicht ist. Auf der niedrig 
Seite des Reaktionsgefasses wird die reine fliichtige Komponente als fliissige Phase auf kon 
peratur gehalten, wodurch die Konstanz ihres Druckes gegeben ist 

Die partiellen Dampfdriicke von Cadmium wurden iiber den gesamten alpha-Bereich 
Ag-Cd bestimmt. Bei ungefahr 4.1, 8.33, 25, und 33.3 At®, Cd zeigen die partiellen War 
die Entropie der Lésung von Cadmium in Silber sprunghafte Anderungen 


Diese Anderungen entsprechen Anderungen im Ordnungszustand 


1. INTRODUCTION atomic arrangements may be studied by mean 
When the energy of bonding between the atoms of a X-ray scattering. In the systems which form suj 


. lattices the reference for unlike atoms above the 
solute and a solvent is greater than that between nore 


. ‘ritical temperature has been proved by such measur‘ 
like atoms, one would expect that the solute atoms critical temp 


> 4s ments. and this tvpe of local arrangement is called 
would tend to occupy definite positions among the YI , 


lattice sites of the solvent atoms and tend to be hort-range order”. Some indications on the ex 


. m.: . of ordering in solid solutions can be obtained 
surrounded by unlike atoms. This tendency is ; 


. . se . neasuring the dependence of partial thermodynan 
opposed by thermal vibrations, and the distribution . I 


of atoms on the lattice sites of real solutions often POPerues on the concentration of the solute 


+ oe . . . . An example of a large effect of concentration 
differs substantially from the ideal ordering. Local | © eae” 


partial thermodynamic properties of homogeneous 


solutions can be found in the gold-cadmium system 


iCa 


* Received August 25, 1954; revised version April 10,1955. investigated by A. Olander™ by electrochemi 


+ Engineering Research Division, New York University, New : ; 
York 53, New York, U.S.A. methods: e.g., he found that the partial molal heat 
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of solution of cadmium in the beta field of this system 
increases from 10,000 cal/mol Cd 
~2500 cal/mol Cd, that the 


increases by 6 entropy units in a narrow interval 


about to about 


and partial entropy 


between 47 and 52 at. per cent cadmium. Examina- 


tion of other published data on metallic solid 


solutions led the pre sent author to believe that similar 
almost discontinuous thermo- 
dynamic functions (especially of AH and AS) may 


take place at definite concentrations of solute, and 


changes of partial 


may be due to a change in the mode of ordering with 
a change in the content of the solute.) The accuracy 
of published data is often not sufficient to prove 
unequivocally this supposition, and the concentration 
intervals between alloys of different compositions are 
usually too large to permit exact determination of the 
concentrations of the solvent at which abrupt changes 
in thermodynamic functions occur. 

The aim of the present study is to determine 
accurately the vapor pressures of volatile constituents 
of solid solutions on a large number of alloys whose 
The 


serve to evaluate the 


alloying content varies by small increments. 


results of the measurements 
dependence of thermodynamic properties of alloys 


on composit ion. 


2. THERMODYNAMIC PROPERTIES 
ALPHA Ag-Cd ALLOYS 


(A ) Expe rime ntal Mi thod 


The method developed in this work was initially 
as follows: 

A small alundum boat containing pure cadmium 
was placed at one end of a quartz tube having a 
extending almost through the 


thermocouple well 


whole length of the tube (see Fig. 1). Starting from 
the middle of the tube. 20 to 30 specimens of pure 
silver wire of 0.01 in. diameter were placed in narrow 


srooves drilled in a flat rectangular piece of alundum 


ag 


Distance, em 


1. Reaction tube and its position with respect 
to temperature distribution in the furnace. 
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at intervals of 1.5 to 2.6mm apart. The width and 
depth of the grooves was 2.5mm. Silver wire speci- 
mens weighing about 80mg were twisted in short 
spirals to accommodate them in the grooves. The 
the with the cadmium and 


the alundum piece with the silver specimens was kept 


distance between boat 


constant by inserting an alundum rod spacer. 
After assembling, the tube was thoroughly evacu- 
and 


ated, sealed, 


placed in a resistance furnace 
The 


quartz vessel was placed in the furnace in a slightly 


having two separately controlled windings. 
inclined position so that the end with the cadmium 
than the The 
temperature distribution along the furnace is schemati- 


was about 1 cm lower other ‘end. 


cally indicated in Fig. 1. The end of the quartz tube 
with the cadmium was placed at the position of the 
minimum of the temperature curve where the tem- 
perature was kept constant to -+-0.5°C over a length 
of about 3cm at a certain level above the melting 
point of cadmium. The other end of the quartz tube 
lay near the maximum of the temperature curve, so 
that individual silver specimens were at different 
the the 


furnace. The vapor pressure of cadmium in the whole 


positions along temperature gradient in 
quartz vessel was constant, and was determined by 
The 
pressure formula used in this study was taken from 
Metallurgical 


Kubaschewski and E. Ll. Evans"): 


the temperature of liquid cadmium. vapor 


tables in Thermochemistry, by OQ. 


log PumHe 5,8197 1.257 log T 12.287. 
Silver wire specimens absorb cadmium from the 
vapor until they form a silver-cadmium alloy which 
is in equilibrium with cadmium vapor at the tem- 
perature of the alloy. The process of equilibration, 
which depends on the rate of diffusion, is rather slow. 
Thus, it was necessary to maintain for more than 
100 hours a constant temperature of liquid cadmium 
and a constant temperature at each point of the 
temperature gradient where the silver samples were 
placed. This was achieved by using two electronic 
temperature controllers for the two separate windings 
of the 


more 


Measurements during runs lasting 
that the 


perature of liquid cadmium was constant to within 


furnace. 


than 200 hours have shown tem- 
-0.5°C, and the temperature along the temperature 
gradient to within +-1°C. The initial adjustment of 
the temperature of liquid cadmium in each run was 
made in the first 24 to 48 hours. In this period the 
position of the cadmium end of the tube was adjusted 
in the furnace to coincide with the minimum point of 


the temperature distribution curve. 


<tr 
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It happened in several runs that the cadmium end 
of the tube was placed initially at a temperature 
much higher than this minimum, so that a considerable 
amount of cadmium evaporated. When the position 
of the liquid cadmium was subsequently shifted to 
the minimum point of the temperature curve the 
lost cadmium condensed back, not but 
around it, and the liquid pool spread beyond the 
This the 
estimation of the vapor pressure of liquid cadmium 


in the boat 


region of constant temperature. made 
uncertain, and these runs were discarded. 

Since the silver specimens are placed in a tempera- 
ture gradient, a small shift of position may cause a 
the 


a specimen. 


actual and 
Such 


where the position of the silver specimens in the tube 


considerable discrepancy between 


assumed temperature of runs 
was uncertain were also discarded. 

In the later stage of this study the design of the 
vessel was modified to minimize these errors (Fig. 2). 
The silver wire specimens were formed into rings and 
fixed on a quartz tube which had a series of quartz 
beads welded on its surface. 

The beads served as spacers for the wire rings, and 
The 


tube with mounted specimens was shifted on the 


prevented their displacement during the run. 


thermocouple-well tube until it touched a quartz bead 
welded on the latter. This fixed the position of the 
thermocouple tube with respect to the thermocouple. 
Cadmium metal was placed at the low-temperature 
end, without an alundum boat. The pool of liquid 
cadmium of about 1 cm length occupied the lowest 
position in the vessel, since the vessel was held in an 
inclined position during runs. The whole vessel was 
made longer, and a longer furnace was used to obtain 
a less-steep temperature gradient. 
temperature determinations was substantially im- 
proved by these changes. 

During the last day of exposure, the temperature 
distribution in the tube was measured starting from 
the highest temperature and proceeding in small 
steps to the temperature of cadmium, and then in 
the reverse direction. 

After the completion of a run the quartz tube was 
withdrawn from the furnace and rapidly cooled. In 
most cases the content of cadmium was determined 
from the weight increase. These results were checked 
by polarographic analysis of samples. The agreement 
was quite satisfactory for cadmium contents greater 
than about 10 at. per cent. At lower concentrations, 
the contents of cadmium determined by both methods 
differed in some samples. These erratic deviations 
were due to errors in the determination of weight 


increase at small cadmium contents when an ordinary 
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Specimen Tube 


Thermocouple Well —— 


“Wire Specimens 

Fic. 2. Modified design s reaction tube 
which 
Therefore. 


polarographic results at 


analytical balance, was accurate to about 


_Q.l mg, was used. more weight was 


given to low contents of 


cadmium. 


In the of this work a microbalance 


0.002 mg 


later 


stage 


sensitive to was used, and this resulted 


in improved accuracy of cadmium determinations 
from the weight increase of the specimens, so that 
time-consuming chemical 
could be 


cadmium 


(polarographic) analyses 


entirely omitted. The reproducibility of 


determinations when using the micro 


balance was about 0.05 at. per cent cadmium, and 
even this spread was caused more by uncertainty in 


temperature measurements than in weighing. 
B) Mate rials 
The 


purity. 


silver wire used was of 99.99 cent 


pel 


Pure cadmium of unknown origin was 


analyzed polarographically and was found 
cent Pb 


to contain 
These 


distilling 


0.082 per and 0.003 per cent Cu 


impurities were entirely eliminated by 


cadmium in vacuo. The content of zinc could not 
be determined polarographically in the presence of an 
The 
per cent Zn in cadmium would seriously affect th: 
ol Zl! In 


than unity 


excesss of cadmium. presence ol 0.0] 


even 


results, because the activity coefficient 
liquid cadmium-zine alloys is 


that 


oreatel 


silver wire would absorb zine from the 


phase in larger proportions than it 
alloy To 


cadmium was heated 


was present 
liquid cadmium-zin eliminate 
traces of zinc, liquid 
boats in a current of steam at 450°C for four 
whereby zinc was preferentially oxidized. This method 


was described recently by W. Scheller and W. D 


Treadwell™ who found that this treatment eliminates 


down to 3 LO The 


metai 


Zinc cent by weight 


pel 
oxide film was removed from the surface of the 
by filing. 

Polarographic analysis of lver-cadmium alloys 
obtained by equilibrating silver wires in the vapor 
of purified cadmium showed no detectable trace of 
zinc. 


(C) Lape rime } tal Re SIULLLS 
More than 250 silver-cadmium alloys were obtained 


by the described technique in 10 runs at different 


3 
4 
1Q56 


Liquid 


[sobars of Pea 1n the alpha field of the 


Ag-Cd system. 


The 


cover the range from 2 to 45 at. per cent Cd. In most 


partial pressures of cadmium. measurements 
cases the alloys were obtained with pure silver wires 


as the starting material; in one run the silver- 
cadmium specimens from a previous run were used 
again, so that the equilibrium was approached from 
higher contents of cadmium. Five runs were made 
with the initial design of the apparatus, and five runs 
with improved design. 

The tabulation of these numerous results is omitted 
here. Copies of the tables may be obtained on request 
addressed to the author. 


The temperatures of the Ag-Cd alloys obtained in 


each run are plotted against the observed cadmium 


contents in Fig. 3, which also shows the solidus and 


liquidus curves of the corresponding portion of the 


phase diagram. The curves for each run in Fig. 3 
represent separate isobars (curves of constant partial 


These 


interpolation 


pressure of cadmium) in the phase diagram. 


isobars were obtained by graphical 


between experimental points on a large-scale plot. 


They are regarded as representing the average values 


which are more accurate than the experimental 


points, and were used as a basis for all subsequent 
calculations. 

The duration of exposure was in all cases more than 
100 hours (not counting the time of initial adjust- 
ments lasting from 24 to 48 hours). The diameter of 


silver wire used in most experiments was 0.010 in. 
It was estimated from published data on the diffusion 
of cadmium in silver that 100 hours’ exposure would 
wires of this diameter at 


Much 


lower 


be sufficient to saturate 


temperatures above 700°C. longer time 


appeared to be necessarv at temperatures 
320 hr at 650°C). However, a direct experiment 


that 0.010 in. 


(e.g... 


has shown silver wire of diameter 
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reached equilibrium with cadmium vapor in about 
100 hr exposure, even at temperatures around 600°C. 
In the later stage of this work, wires of two diameters 
(0.010 and 0.005 in.) were used for lower-temperature 
The points for both wires 
It is 
probable that the diffusion coefficients of cadmium 


ranges in the same run. 
fell smoothly on the same isobar for each run. 
cadmium content, so that silver-cad- 
10 at. 


vapor in 


increase with 


mium alloys with Cd per cent reach equi- 


librium with cadmium 100 hours, even in 
the range from 600 to 700°C, in the case of 0.010-in.- 
diameter wires. 

The logarithms of the partial vapor-pressures were 
plotted against the reciprocal absolute temperatures 
cent intervals 


in a large-scale graph at | at. per 


read from the isobars. Straight lines were obtained 
for points joining the constant contents of cadmium. 
The deviations from the straight lines amounted on 

| degree error in reading 
the 


the average to less than 
the 
interpolation. 


temperature from isobars smoothed by 
The plot of the logarithms of the activities against 


the reciprocal absolute temperature is shown in 
Fig. 4. The partial heats of solution of cadmium 
referred to liquid cadmium were calculated from the 
slopes of the straight lines and are shown in Fig. 5. 
Partial free energies of solution are also plotted in 
Fig. 5, and the partial entropies of cadmium in Fig. 6. 
The smoothed values of various thermodynamic func- 


tions are tabulated in Table 1. 


+X 10 


Plot of log acq versus 
temperature, 


reciprocal absolute 
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TABLE 1. Partial thermodynamic functions and molal free « 
for the alpha silver-cadmium alloys 


aca Yoda Hea Ca 
(l000°K) (LOOO°K) eal/at. eal/at. al 


0.0036 11.250 10.300 
0.0058 10,250 9.100 
0.0084 9.500 
0.0129 600 5.750 
0.0158 250 5.300 


0.0190 Rib S70 3.800 7 Q7° 935 
0.0222 O70 200 Q7: 000 
0.0293 2 020 
0.0367 26: 560 2? 900 
0.0465 LOO 2 S00 
0.0568 5,720 
0.0681 5,340 
0.0838 930 
0.0931 40 
0.103 43 520 
0.114 45: 320 


2 
2 

3, 


000 Q7 140 


0.127 46 

0.155 3,700 

0.185 6 3.400 
0.210 657 3.100 3. 727 GOO 
0.224 6 3.000 7 QOS 


0.234 690 2? 890 
0.247 .705 2 780 


Partial functions for cadmium are with reference to liquid cadmium. 
to solid silver. The molal free energies of formation of silver cadmium allo 


(D) Discussion 

The vapor pressure of cadmium in the alpha-field 
of the Ag-Cd system was studied by C. E. Birchenall 
and C. H. Cheng) with three alloys containing 8.1, 
22.7, and 34.1 at. per cent Cd, using Hargreaves’s 
“dew point” method. When plotting the logarithms 
of activity against reciprocal absolute temperature 
for three alloys investigated by Birchenall and 
Cheng, the slopes of the straight lines obtained were 
practically the same at all three compositions, and 
corresponded to the partial heat of solution of 
cadmium of —6000 + 1000 cal/mol Cd. On the 
other hand, our experiments have indicated that 
there was a much larger variation of the partial 
heat of solution with change of cadmium content. 
The discrepancy may possibly be due to insufficient 
time of equilibration of Ag-Cd alloy with cadmium 

vapor in the dew-point method. 
The curves of partial heats of solution of cadmium 


shown in Figs. 5 and 6 have distinct inflections at 4, 


CAL/DEG 


8.3, 25, and 33.3 at. per cent cadmium. These changes 
indicate changes in local ordering of cadmium atoms in 
the f.c.c. lattice of silver-cadmium alloys at the follow- 
ing ratios of cadmium atoms to the total number of neg Te) 20 
atoms in the alloys: 1/24, 1/12, 1/4, and 1/3. The Cd, at. - % 


values of partial thermodynamic functions at cadmium entropy of solutio 


Ca \F 1000°K 
at.% ole 
3 0.9 0.995 110 
1.1 0.99] 
5 y 1) 615 
6 3.65 0.985 705 
7 8 95 0.98] 790 
5 3.95 0.975 865 
9 
10 
12 
i4 
16 
20) 
2° 
23 
24 
yA4) 
26 
2S 
30 
32 
33 
34 2,300 0.54 0.675 1.915 
35 2OO 0.646 1.920 
s are with refers e to so é liquid « 
4 
_S- 
/ 
/ 
: 10 20 30 35 
Cd, at.-% 
Che effect o l col t part 
energ and partial heat a l { Cd 
S ideal 
‘ 
30 35 
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ag, 1000°K 


10 
Cd, at.% 
. 7. The effect of cadmium content on the activity 
coefficient of silver in the Ag-Cd alloys. 


contents below about 4.5 at. per cent are somewhat 
less accurate than the values at higher concentrations, 
and are therefore indicated by broken curves. Never- 
theless, there is no doubt that the degree of ordering 
at about 4 at. per cent Cd is quite high, as can be 
judged from the large difference between the observed 
entropy and the entropy of a completely disordered 
(ideal) solution. 

It is not excluded that a slight tendency towards 
ordering is present between 16 and 18 at. per cent 
inferred from inflections in the curves 
The 


per cent Cd are 


Cd, as can be 


of partial heats and entropies in this interval. 


4, 8.3, 25, and 33.3 at. 


changes at 
greater than the range of experimental error, and are 
considered as real. 

Using the Gibbs-Duhem equation, the activity 
coefficients of silver can be calculated from the 
The 


Fig. 


observed activity coefficients of cadmium. 


results of these calculations are shown in 


where the activity coefficients of silver (y,4,) are 


plotted against the cadmium content. This curve 


shows distinct points of inflection at 4 and 8.3 at. 
per cent Cd, and less distinct points at 25 and 33.3 


at. per cent Cd. The values of the relative molal 
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\ 
excess AF 1000°K 


AF, kcal/mole 


10 
Cd, at.% 
Concentration dependence of the relative molal 
of formation of alpha 


Fic. 8. 
free energy and excess free energy 
Ag-Cd alloys. 


free energies of formation, and relative excess free 
energies of formation, for the alpha Ag-Cd alloys 
(at 1000°K), are shown in Fig. 8. 

The results of this work indicate that there are 
at least four concentration regions in the alpha-field 
of the silver-cadmium system at which the alloys 


show a definite tendency towards ordering. 
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UBER DIE GITTERBINDUNG UND DIE BANDER DER VALENZELEKTRONEN 
BEI GALLIUM UND MOLYBDANDISILIZID * 


H. SCHENK und U. DEHLINGER 


Es werden mit einer erweiterten Blochschen Methode Breite und gegens« y sag er Bander, 
ausgehend von Atomfunktionen die der Punktsymmetrie des Atoms angepasst sil bestimmt, woraus 
deren Anteil an der Bindung hervorgeht. In Gallium wird die Bindung innerhalb « 

Paars nahezu durch eine einzige Atomfunktion mit schmalem Band bewirkt 
Atomfunktion sticht ins Leere, wahrend das dritte Elektron des Atoms ein brei 
Bindung zu sechs weiteren Nachbarn besorgt. 

Im MoSi, erzeugen die Atomfunktionen des Si dieselben Bander wie bei Gallium; si 
etwas hdher liegenden Bandern der d- und s-Funktionen des Molybdans in Wechselw 
zugeordneten Bander werden hier starker besetzt als bei Gallium. Die dort ins Leer 
funktion kombiniert mit einer d-Funktion des Mo, das dazugehérige Band senkt sicl 
Gallium nicht abgesattigte Valenz im MoSi, stark betatigt, was die wesentlich héhere | 
des letzteren erklart. Die hohe Koordinationszahl der Mo- und Si-Atome und die 
funktionen gegebene Ladungsverteilung begiinstigen eine heteropolare Komp 
Ga und MoSi, ergeben sich als metallisch leitend. Weiterhin folgen Aussagen 
Suszeptibilitat. Die effektive Elektronenmasse ist stark anisotrop 


LATTICE BONDING AND BANDS OF VALENCY ELECTRONS 
AND MOLYBDENUM DISILICIDE 


Starting from an atom function, accommodated to the point symmetry of 


g an extension of the ch me 1d. This shows 


of breadth and separation of the bands is carried out, usin 
the contribution of bands to the bonding. In gallium the bonding between the nearest-neighbor pair is 
effected significantly by only one atom function with a small band. Another <« 

points in a direction in which there is no neighbor, whereas the third electron « 

broad band and is responsible for the bonding to six other neighbors. 

In MoSi, the atom functions of Si produce the same bands as in gallium; there 

them and the somewhat higher bands of the d- and _ s-functions of 
belonging to Si are more occupied than in gallium. The atom function “going 


is combined with one d-function of Mo; the band belonging to it is reduced 


unsaturated valency of Ga is strongly active in MoSi,, which explains the 
strength of the latter. The high co-ordination number of the Mo- and Si-é 
charge given by the atom functions favor a heteropolar component 


to be metallic conductors. There follow predic tions re 


effective electron mass is highly anisotropic. 


SUR LA LIAISON ET LES BANDES DE VALENCE 
DE MOLYBDENE 


Les largeurs et les positions des bandes sont détermine I 
partant des fonctions d’ondes de l’atome qui correspondent aux con¢ 
gallium, la liaison est due sensiblement a une seule fonction d’onde corresp¢ 
lintérieur d’un couple d’atomes visible dans le réseau. Une autre fonctior 
inutilisée, tandis que le troisiéme électron occupe unt 
suivants. 

Dans MoSig, les fonctions d’onde de Si produisent les mémes bandes que pour le g 
en interaction avec les bandes d et s du molybdeéne situées a un niveau un per 
correspondant au silicium sont dans ce cas plus completement occupées que po 
restée inutilisée se combine avec une fonction d du molybdeéne et abaisse la bande corr« 
la valence non saturée pour le gallium est trés active dans MoSig, ce qui explique l’énerg liaison net 


de la charge donnée par les fonctions d’ondes favorisent la tendance a l’hétéropolarite de la liaison 


tement plus élevée de ce dernier. Les indices de coordination des atomes cde Mo et Si et la répartitior 


mais Ga et MoSi, présentent le caractere mét ». Suit une discussion sur l’effet Ha 


bilité. La masse apparente de l’électron est trés fortement anisotrope. 


* Received March 18, 1955. 
+ Institut fiir theoretische und angewandte Physik der Technische Hochschule 
Metallforschung Stuttgart. 
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1. UBERBLICK UBER DIE METHODE 


Methode fubBt 
dem Blochschen Theorem,” d.h. der Méglichkeit. den 


Die im folgenden verwandte auf 


Zustand eines Elektrons im Gitter in erster Naherung 


durch eine Wellenfunktion der Form y, e2nikr . u(r), 


worin u(r) eine mit dem Gitter periodische Funktion 
und k Wir 


wollen von den Zustinden der Valenzelektronen 


der Wellenvektor ist, zu béschreiben. 


des freien Atoms aus annahern, was durch eine 


Atomeigenfunktionen 
Die 


nach 


Entwicklung von y, 


d,/(r —r,) = ¢,/' méglich ist. r,) sind 
Funktionen, die nur in der Umgebung eines Atoms 
der Zelle, deren Ortsvektor r 
Der 


verschiedenen Funktionen innerhalb einer Zelle. 


ist von Null wesentlich 
kennzeichnet die 
Die 
der 


verschieden sind. Index 


Schwierigkeiten, die in der Nichtorthogonalitit 


an verschiedenen Atomen lokalisierten d,,! bestehen, 


lassen sich nach einer von Léwdin') angegebenen 


Methode beseitigen: sie liefert durchweg orthogonale 


lokalisierte Funktionen: d,' d (r r,) 


Eine Funktion 4, (r r,) ist zwar noch in der un- 
mittelbaren Umgebung des Atoms durch ¢,,'(r — r,) 
bestimmt, im Gebiet seiner Nachbarn iiberlagern sich 
ihr alle dort 


verademit 


lokalisierten ¢,'(r — r,) und 


Nichtorthogonalitat 


zwar 
einem durch die 
bestimmten Gewicht 

Auss¢ rdem soll 


der Winkelanteil von ¢ 


noch bemerkt werden, dass nur 


' mit dem einer entsprechen- 


Eigenfunktion des freien Atoms identisch ist: 


Radialanteil 


den 


der wird zweckmassig nach anderen 


Fiir unsere Einelek- 
Ent- 


Naherungsverfahren bestimmt. 


trongittereigenfunktion yw. beniitzen wir die 


wicklung 


(2) 


Funktionen ¢ 


Zelle 
K oeffizienten Cy 


stellt einen 


gehorige Energie 2 


einer sind darin mit 


Alle Mt 


einem zunachst willkiirlichen ver- 


sehen, ihre Gesamtheit fiir r l--°n 


Eigenvektor ¢; dar. Die zu yp 


/ 


berechnet sich nach der Gleichung: 


K oy, dr = (y;| Ho] ¥,) 


t 


A+ Vir): Vir V(r) 


des 


E. ist Wellenvektors k, 


stellt also ein Energieband dar. Eine Gleichung fiir 


somit eine Funktion 


die Eigenvektoren ¢; ergibt sich aus der Forderung 
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eines Minimums fiir die Energie £;. Die Variation 


von £, nach C,, fiihrt auf die Eigenwertgleichung: 


(4) 
Hy | ?,,')*] 


In der angeschriebenen Form der Matrixelemente 


ferentialoperator A bewirkte Unsymmetrie vermieden. 

Dabei | H,| d,’) 


Uberlappungsintegrale. 


wird die durch den in H, auftretenden Dif- 


sind die dreidimensionale 
Bei Ga und in anderenFallen kann man ein komp- 
Gitter Verschiebungen seiner 
Gitter 
fiihren, dessen kleinste Zelle nur halb so gross ist 
Gitters. Der 
wir zuniichst 
Der 
mit 


liziertes durch kleine 


Atome in ein einfacheres idealisiertes iiber- 


wie die des realen JXerechnung der 
das idealisierte 
Atom- 


weiteren 


Energiebander kénnen 


Gitter Einfluss der 
Hilte 


Naherungsverfahrens beriicksichtigen. 


(2n)-ter 


zugrunde legen. 


verrtiickungen lasst sich eines 

Das gesamte 
EKigenwertproblem Ordnung zerfallt dabei 
in zwei Eigenwertgleichungen der Ordnung n. Sie 
lauten, wenn wir die beiden durch die Idealisierung 


realen Zelle Zellen 
lundk 


aus der entstehenden mit den 


Indizes k 2 bezeichnen: 


(Hu 


darin ist: 


Durch die zweite Gleichung (5) wird gerade die durch 


das richtige Ga-Gitter geforderte Symmetrie der 


Die 
den Ubergang zum realen Gitter bewirkte Stérung 
(1) 
E, 


Verriickung 


Energie im k-Raum gewihrleistet. durch 


der Energie setzt an den Eigenwerten und 


E.) an. Sie 


proportionale und daher kleine Verschiebung der 


bewirkt eine mit der 
Bander, jedoch keine Aufspaltung derselben.* Im 
folgenden wird daher nur das idealisierte Gitter des 
betrachtet. Bei Modi, WSi,_ ver- 


Es sei noch bemerkt, 


Galliums und 
wenden wir das richtige Gitter. 
dass die Gleichungen (5) auch in einer Mehrelektronen- 
theorie des Kristalls‘ giiltig sind, nur treten dort an 
Stelle eines Satzes von Atomeigenfunktionen, Slater- 
determinanten der verschiedenen Elektronenkon- 
figurationen, deren Gesamtschwerpunkt in der Um- 


gebung des betreffenden Atomrumpfs liegt. 


* Dies soll in einer spaéteren Mitteilung von H. Schenk im 
einzelnen gezeigt werden (vergl. (9)). 


| 
d(r r,) d ‘(r r,) 
4 
(0) 
(3) 
mit: H, 
2m 
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Die Gewinnung einer Einelektronengittereigen- an. (Das richtige Gallium-Gitter entsteht durch ein 
funktion y; und ihrer Energie soll in drei Schritten kleine Drehung der Molekiilachse in x-Richtung 
erfolgen. Erstens das Aufsuchen der giinstigsten dadurch wird die Zahl der nichsten Nachbarn von 
Atomfunktionen, auf die dann das Léwdinsche 1 $f auf | 6 erhdht.) Im MoSi, nehmen di 
Orthogonalisierungsverfahren angewandt werden Si-Atome dieselben Punktlagen ein wi im idealisierten 
kann; zweitens das Aufstellen und Lésen der ent- Ga-Gitter. Die Mo-Atome befinden sich in den 
sprechenden LEigenwertgleichung, und schliesslich Mittelpunkten der jetzt reguliren Sechsecke. Jedes 
die Diskussion der Ergebnisse. Mo-Atom hat 10 Si und 4 Mo-Atome als nichste 

Nachbarn. Beiden beschriebenen Gittern ist die 

2. DIE ATOMFUNKTIONEN IN Ga UND MoSi, vierzihlige Drehachse (z-Achse gemeinsam 

bestimmt weitgehend die Atomfunktionen 


Die richtigen Atomfunktionen sind diejenigen, die 
. die Sse ‘ Gi 1d Sil l 
die Punktsymmetrie des Atoms im Gitter besitzen, Die Au — lektronen von Gallium und Siliziun 
besetzen mit guter Naherung s- und p-Zustiande, in 
Molybdin und Wolfram dagegen nur s- und 


d-Zustinde. Fiir Gallium lauten dann die richtige) 


und soweit dies médglich ist, zu verschiedenen irre- 
duziblen Darstellungen der Punktsymmetriegruppe 
gehoren. Weiter sollen sie unter sich orthogonal und 
normiert sein. Um sie abzuleiten, kénnen wir uns “tomfunktionen*: 


auf die von K. Ganzhorn™) auf die Ubergangsmetalle 


1 


angewandte gruppentheoretische Methode  stiitzen. 
Ist P ein Symmetrieoperator unserer Punktgruppe 
des Atoms, so soll fiir die Funktion ¢,,”' gelten: 


Es laisst sich zeigen, dass dann die entsprechenden 
Léwdin’schen Funktionen ¢,' derselben Gleichung 
geniigen, also dieselben Transformationseigenschaften 
wie die ¢,/' haben. Solange bei Rechnungen nur diese se 
Kigenschaften beniitzt werden, gelten diese auch fiir 6 [By Po 
die ¢,,', erst bei der numerischen Auswertung der Uber- 
lappungsintegrale miissen die ¢,' explizit verwandt darin bedeuten die gq 
werden. 
Gallium hat ein schwach rhombisches Gitter mit iV2R,, P,° 
4 Atomen in der kleinsten Zelle, doch lasst es sich 
durch kleine Verriickungen der Atome in ein 
einfacheres, dem MoSi, verwandtes Gitter tiber- 
fiihren.©) In Fig. 1 sind die wesentlichen Punktlagen 
dieses idealisierten Gitter angedeutet. Es ist ein 
Netzwerk aus Sechserringen in zwei aufeinander 


senkrecht stehenden Ebenen, und zwar hat jeder 


Ring der einen Ebene 2 Atome mit einem Ring det es gilt z.B. die Beziehung: P,' P P. 


anderen gemeinsam. Die Sechsecke sind nicht ganz iy) und sind die Radialanteil 


regular, sondern die Atome A, und A, haben einen und p-Funktionen. Die Funktionen¢,’ und,’ sit 
etwas kiirzeren Abstand, sie deuten ein Molekiil Ga, Se Drehimpulseigenfui I 
42 des freien Atoms: sie beschreiben’ ein 
8, vierzihlige Drehachse mit dem Impulsmom: 
? Y), umlaufendes Elektron. In einem um 45 


Koordinatensystem zeigen die Vorzugs 


*In U. Dehlinger: Theoret. Metalll 
eine ausfiihrliche Tabelle enthalten, 
GAN @c, Ly lungstheorie der Gruppen das Aufsucher 
erleichtert. Diese sind hier nicht linea 
Fic. 1. Punktlagen der Ga-Atome im idealisierten Gallium muss daher zu neuen Linearkombinat 
gitter; sie stimmen mit denen der Si-Atome im MoSi,- und Koeffizienten iibergehen. die die | 
WSi,-Gitter iiberein. erhalten und linear unabhangig sind 


) 
Vz 
> 
R, rs 
4 
Rk, 0; \ / 
6.,V3. P, 
Gu 
dO, \ P, 
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ihres Real und Imaginiarteils zu den Nachbarn C. 
Doch zeigt die Darstellung in den @,’, deren Maxima 


Nachbarn JB, 
Durchlaufen 


dass dieser 


Zustinde 
Es gilt naimlich 


gerade zu den weisen, 


Umlauf 


l 


auch als ein der 


-4 gedeutet werden kann. 


fiir die Wahrscheinlichkeitsdichten die Beziehung: 


Somit charakterisieren diese beiden Funktionen 


hauptsachlich eine gerichtete Bindung eines Atoms A 
BundC. ¢,’ hat seinen Maxi- 


nachsten 


zu seinen Nachbarn 


malwert in Richtung zum Atom Ag, sie 


charakterisiert also die Molekiilbindung, wiahrend ¢,’ 
mit seiner Vorzugsrichtung auf die unbesetzte Mitte 
der Sechsecke weist, und an der A,-A,-Bindung kaum 


beteiligt ist. Pe ; und sind dieselben 


Funktionen, nur gehoren sie zum 2ten Atom in der 


Zelle. 
Auch in MoSi, sind die bisher genannten Funktionen 


Si-Atomen 


lokalisiert. ¢,° und ¢,’ kénnen hier ausser in den 9, 


massgebend;: sie sind an den 


auch in Funktionen 7 L---4 ausgedriickt werden, 
die Vorzugsrichtungen zu den nachsten Mo-Nachbarn 
Mo-Atomen 


Atomfunktionen ergibt sich: 


haben. Fiir die an den lokalisierten 


dy 1 


darin 


Py 
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Die P,” sind die 5 normierten Kugelflachenfunktionen 

vom d-Typ. R&,, , ist der entsprechende Radialanteil, 

und zwar ist fiir Mo n = 5, fiir W n 
Die Funktionen ¢,° und 

Vorzugsrichtungen wie ¢,’ und ¢,’; die Maximalwerte 

weisen auf die nichsten Si-Nachbarn C. 


6 zu nehmen. 
haben 4ahnliche 
¢,,, hat ausgeprigte Maxima in der 
charakterisiert also die gerichtete Bindung zu den 
beiden Si-Atomen (B) auf der z-Achse, wahrend Dy. 
und vor allem ¢,,’ mit seinen 4 Extremwerten zu den 
4 nachsten Mo-Nachbarn dies fiir die Mo-Mo-Bindung 
tut. Schliesslich hat ¢,,’ Vorzugsrichtungen zu 4 der 


|-z-Richtung, 


iibernachsten Mo-Nachbarn. 

Die Diskussion dieser Funktionen fiihrt also zu dem 
Ergebnis, dass wir es sowohl in Gallium als auch in 
MoSi, und WSi, mit einer gerichteten Bindung der 


Atome untereinander zu tun haben. 


3. BERECHNUNG DER ENERGIEBANDER 
DES GALLIUMS 
Im folgenden sei der H-Operator (Gl. 4) und die 


Losung des dazugehérigen Eigenwertproblems fiir 
Gallium unter Vernachliassigung einer Reihe kleinerer 
Uberlappungsintegrale angegeben. Es kénnen alle 
Uberlappungsintegrale zwischen den die Molekiil- 


und 


vernachlassigt werden, da 


bindung beschreibenden Funktionen ¢,’ - - 
den Funktionen - 
ihre Vorzugsrichtungen aufeinander senkrecht stehen. 
beriicksichtigt 


k6nnen qualitative 


Der so vereinfachte H-Operator hat die 


(Diese spater 
werden'?),) 


Form: 


H 


Bo 


(10) 


Die Matrix beschreibt die Molekiilbindung, die 
Bindung des Molekiils an die anderen Nachbarn. Im 


einzelnen lauten die Matrixelemente: 

| $41) 
| Ho | 

H 3, | Hy 


Byy 


= | Hy 
| H, | 
Ho, = 4(6,"1 | Hy | 
| Hy | 
H,, Hy 
| Ho | 
ss = | Hy | 


Hy 


| H, 


H 
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4 
Vaz 
Pio dy * 
— (R, + R,,P.") (9) 
V2 
V2 
= RyaP? 
R, L. 2. 3. 4. 
bedeuten 
(lla) 
R 
2V 6 | 
(—ly(1l+ 6) H 
2 6 21 2 } 14 
y 5, 6 
R.4 
(4 3 V2)P,°9 —2V3 - My, 
2/6 | 


SCHENK DEHLINGER: 


Hy, 


| Hy | 6,42) 
| Hy | b,°*)y, 
Hy, = ($54 | 
Hy | 


Hz = | Ho| 
4 | Hy | 
4 | Hy | 
| H,| bts 
darin debeuten: y, = cos 7k,,+ cos 7 
Yo = sin wk,,: sin wk, 
k,) - sin 


k,) - cos 


2 


k, 
k, )e'™™ 


sin $7(R, 


Va cos 


In den Uberlappungsintegralen kennzeichnen die 
Indizes A,---C,; die Lage des Atoms, zu der die 
betreffende Funktion gehért (Fig. 1). Die Lésung des 
zugehorigen Eigenwertproblems fiir Z und .@ fiihrt 
die 


auf folgende Gleichungen fiir 


l---4und £,, Ej 


Energie Ep 


H 


| Hy. 


Ler 4|H,,|?- | 


H. 


9 56 


eH... 


68 


Diese beiden Gleichungen bestimmen je 4 Energie- 


binder £,, und £,, (Fig. 2), deren Rander an den 

Stellen Ihre 

lisst sich bei #, gut tibersehen, wenn wir in Gl. (12) 
B} 


9 


ihnen keine 


: sin 7k, = 0 i= 2, y, z liegen.* Lage 


setzen. Es zeigt sich dann, dass zwischen 


Liicke auftritt und die Breite ) dieser 


4 Bander im wesentlichen durch den Ausdruck: 


b= 4(4,*1 | H,| + | H,| (13) 


gegeben ist. Wir haben es also mit breiten Energie- 


bandern zu tun. Anders liegen die Dinge bei den 


* Dies gilt im idealisierten Ga-Gitter ganz allgemein bei 
beliebigem periodischem Potential V(r). Beim Ubergang zum 
realen Ga-Gitter verschieben sich diese Bandrander etwas und 
zwar mindestens quadratisch mit Drehwinkel der 
Molekiilachse. Wegen des auf 
Mitteilung von H. Schenk verwiesen. 


dem 


Beweises sei eine weitere 


9) 


GITTERBINDUNG 


UND VALENZELEKTRONEN 


(1,2(3,4)) 


Fic. 2. Banderschema f 


als Energienullpunkt ist 
1H ,,-Bandcrn. Thre Lage wird im wesentlichen durch 
Integral in H bestimmt, alle 


das | 
anderen Integrale sind kleiner als dieses und fiihren zu 


verhaltnismassig schmalen Bindern, wie sie im 


3anderschema der Fig angedeutet sind Beim 


Ubergang zum richtigen Galliumgitter werden si 


noch verbreitert. Jedes Band in Fig. 2 ist durch di 
Indizes der Atomfunktionen gekennzeichnet, die mit 
etwa gleichen Koeffizienten in die Blochfunktion des 
Alle anderen 
Wechselwirkung 


K o¢ thzienten 


Bandes eingehen. Funktionen sind ih 


nur entsprechend der mit den 


andcren Bindern mit kleineren beige 


Als Beispiel sei je eine Blochfunktion zu 


mischt 
einem Band und ,, angefiihrt 


= 


darin ist « die Phase von 
Vo zu setzen 
Die c. v 


Uberlappung mit 


sicher viel kleine 

+ 

nur mit ¢ 


x 


darin ist 
A\é) 


b(e, 2) 


1] 
|| 
H 56 ) 
| 
A = 
\(6,8) jy 
1956 
+ + eHsg] Rip) 
a del hie! ivtel 
den proportional und 
als eins Kntsprechendes gilt bel 
H., + eH. 
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iese Funktion gehort fiir « A l zu dem am 


tiefsten gelegenen schmalen Energieband, dem 


entspricht, dass die beiden sich am starksten tiber- 
und ¢, ihren Hauptbe- 
alle 


Funktionen ¢; 
bilden. Analoges gilt fiir 


lappenden 
standteil anderen 


Bander. 


4. DIE BANDER VON MoSi, UND WSi, 


Besteht ein Gitter aus 2 Atomarten, so miissen wir 


zunachst 2 Extremfille unterscheiden. EKinmal 


k6nnen die Aussenelektronenterme einer Atomart A 
viel hdéher liegen als die der zweiten B:; dann kann ein 
Elektron von B wegen des Pauliverbots nicht ohne 
ordssere Energiezufuhr in Zustinde von A iibergehen. 


Die Atome A 


von B. 


wirken nur mit ihrem 


Elektronen Entsprechend gehéren zur 
Atomart 
Form die Atome B nur mit 


Als Folge dieser Bandverteilung ergibt sich 


A eigene héher gelegene Binder, auf deren 
ihrem Potential Einfluss 
haben. 
eine stark ausgepragte heteropolare Komponente der 
auftretende Coulombenergie 


Bindung. Die dabei 


senkt das gesamte Sandsy stem.* 

Im zweiten Fall haben die Aussenelektronen von A 
B etwa gleiche Energie, so da auf sie unser 
iibliches Verfahren 
MoSi, haben wir im wesentlichen den zweiten Fall 


H -( ypcrator ist folet 


und 


angewendet werden kann. Im 


verwirklicht. Sein also wie 


anzusetzen: 


(15) 


schon angegebenen H- 


bedeutet 


Operator des idealisierten Galliumgitters. H “ ist der 


Darin den 


H-Operator des Molybdianteilgitters, in ihn gehen die 


te 


| 


Ki,2-(3,4)] 
,'0) 2) | 


qn) 


(1,2)-(9,10) 


Ci,2) C3) 
G4) 


a 


sanderschema fiir MoSi, und WSi,. 


* Vergl. die Zintl’sche Gruppe der Legierungen mit stark 
unedlen Metallen. 
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Si-Atome nur mit ihrem Potential ein. Die Matrix W 
beriicksichtigt die Méglichkeit, dass ein Elektron von 
Si zu Mo iibergehen kann, also die Wechselwirkung 
von H9 H™. Hier H™ 


werden, waihrend Einfluss von W 


der Bander und soll nur 


angegebenen der 
nur grob abgeschatzt werden soll. Die Matrixelemente 
von H™ lauten: 

W 


99 10,10 


| | $5”) 


| Hy + 46! | Hol 


Li, 


id,“ | H | dio” (16) 


rg 0 | / 


| H,| $41") 


| H, | bu 


Alle weiteren Elemente von H™ enthalten nur 


Uberlappungsintegrale mit tibernachsten und noch 
Mo-Atomen, 
Die Eigenwerte von H™ lassen 


weiter entfernten sie sollen hier ver- 


nachlassigt werden. 
sich mit diesen Vereinfachungen leicht angeben. Es 
ist: 

E (17a) 


9,10 


Fiir die anderen 3 Eigenwerte gilt die Gleichung 3ten 
Grades: 
E“)\( 


(A 12,12 


E™). 


11,11 


(Ayia 


(7 1313 


2 315° 


11.12 0 


12,13 (17b) 


11,13 


Daraus folgen 3 Energiebinder, von denen | a, der 
den 4 Mo- 


daher am liegt. 


ordssten Wechselwirkung mit nichsten 


Nachbarn entspricht und tiefsten 
Nur wenig nach hédheren Energien hin verschoben 


an. Z..* und sind hier die 


schliesst sich 
Binder hochster Energie (Fig. 3). 

Die Wechselwirkung der Si- und Mo-Atome, die in 
der Matrix W ihren Ausdruck findet, bewirkt nun eine 
starke von k abhangige Vermischung der dem Si- und 
Mo-Teilgitter zugeordneten Bandeigenfunktionen, was 


Bander der Aussen- 


natiirlich auch die Energieflachen im 
verindert. In Fig. 3 sind alle 


elektronen fiir MoSi, angefiihrt, und zwar im Teil a die 


14. 
| 4 N 
33.1 | Ho| V2 
ff > ¥2 
(A 1949 E ) A 31.13 
| + — 2") 03, 
+O | 42 
| | | 
| | | 2) 
(5,7) Y, WZ 
AY 
‘ 
{ 
| 
a | b 


SCHENK unp DEHLINGER: 
vom Si,- im Teil b die vom Mo-Teilgitter. Die 
Mo-Si-Wechselwirkung ist in der weitgehenden Anni- 
herung der Schwerpunkte beider Bandtypen und in 
der Verbreiterung der an sich schmalen d- Binder des 
Mo-Teilgitters 


Fig. 3 durch die Indizes der jeweils gleichwertigen 


beriicksichtigt. Jedes Band ist in 
Atomfunktionen gekennzeichnet, aus denen es ent- 
springt. In Biandern, in denen eine starke Mischung 
der zu Si und Mo gehorigen Funktionen eintritt, ist 
dies durch entsprechende Schraffierung angedeutet. 
Dies ist vor allem bei den Bandern (6, 8)—(11), die 
der Wechselwirkung eines Mo-Atoms mit den beiden 
Si-Nachbarn auf der z-Achse (Fig. 1) entsprechen, 
und zwischen den Biandern (1, 2)—(9, 10)—(12), die die 
Wechselwirkung aller tibrigen Si-Nachbarn mit dem 
Mo-Atom enthalten der Fall. 
Band (6, 8)—(11) 


energetisch tiefer gelegen, so das es sich 


Gegeniiber Gallium ist 


hier das stark verbreitert und 


mit dem 


Band (5, 7) iiberdeckt. 
5. DISKUSSION DER ERGEBNISSE 


Im Galliumgitter stehen 6 Elektronen je kleinster 
Zelle zur Besetzung der Bander zur Verftigung, die an 
sich fiir 16 Elektronen pro Zelle Platz bieten. Die 
Bander sind daher in der in Fig. 2 angegebenen Weise 
Vier der sechs Elektronen besetzen die beiden 

Bander (5, 7) und (6, 8) 
Elektronen die breiten die Gitterbindung bewirkenden 
Bander. 
Nachbarn steht also pro Atom fast nur ein Elektron 


besetzt. 


schmalen und nur zwei 


Fir die Bindung an sechs der niachsten 


zur Verfiigung. Die Bindung zwischen den Atomen 
des ‘‘Molekiils’’ 


Elekronenpaar mit 


A,-A, kann naherungsweise durch ein 
abgesattigten Spins dargestellt 
Atom 


8), dessen Atomfunktion nahezu ins Leere 


werden. Ein drittes besetzt das 


Band (6, 


sticht: infolgedessen ist die 


Elektron je 


sindungsfestigkeit des Ga 


seinen Ausdruck im anomal niederen 
tindet. 
verhaltnisse des Ga erklart. 

Weiter 
Baindern die elektrische Leitfahigkeit 


(6,7) 


gering, was 


Schmelzpunkt Damit sind die Bindungs- 
breiten 
Nach 
ist diese stark anisotrop. 
Widerstand 


und z-Richtung betrigt e 
Q em. 


erklart sich aus den fast leeren 


des Ga. 
Messungen von Powell 
In a-Richtung ist der am grdBten 
(54,3 - 10~® Q em), in y- 
dagegen nur 17,4 und 8,1 Uber diese 
Anisotropie kann bei Zugrundelegung des idealisierten 
Aussage gemacht werden, da dabei 


Gitters keine 


x- und y-Richtung gleichwertig behandelt werden. 
Erst beim Ubergang zum richtigen Gitter ist dies 
nicht mehr der Fall. Die Gleichungen (12) stellen die 
Energieflichen £(k) dar und erméglichen damit die 


Wie an 


stark 


Angabe des Tensors der effektiven Masse m* 


anderer Stelle gezeigt werden soll, ist dieser 


GITTERBINDI 


NG UND VALENZELEKTRONEN 


Wert dea 
h durch die 
die 


erfolgend 


anisotrop. Der numerische elektrischen 


Leitfahigkeit ist jedoch wesentli 


Wenn 


Galliumgitte 


schwingungen  bedinet durch beim 


ri htigen 


Molekiilachsen In 


erhoht 


Ubergang zum 


Drehung der r-Richtung das 


] 


haben die 
Gitterschwingungen in x-Richtung ih Ampli 
tude, Widerstand entspricht In 
z-Richtung dagegen ist ihre Amplitude am kleinste1 


der Atome A,-A,. Der 


les auf den elektrischen 


Potential in y-Richtung wird 


hohen 


was dem 


wegen der starken Bindung 


starke Einfluss eines Magnetf 


Widerstand ist eine Folge der stark anisotropen Mass« 


m’ Gallium ist diamagnetisch, wi 
clie Reihe 


Aluminium. Dies erklart si 


ibe rhaupt 


dritte periodischen 


h dur h clie 


Bander (5, 7) und (6, 8), die einen Beitrag zum 


Diamagnetismus geben, wihrend der Paramagnetis 


B 


Aus der Lag« 


mus der Elektronen an der 


des breiten Bandes (1, 2) klein ist 


Besetzungserenze folet fiir Gallium ein norm: 


Halleffekt. 


Bei MoSi, sind die in Fig. 3 angegel en Bande 


14 Elektronen je kleinste Elementarzelle zu besetzei 
Acht Atomen, si 
gerade die Bander (5, 7) und (6,8) ganz, (1, 2 


Die Mo zuzuordne 


stammen von den beiden Si 


nden Bande 


gerade halb 
mit den 6 Aussenelektronen d 

3b cestrichelten Link 

Mitte des (1 

von den Mo-Bandern in « 


iiberfliessen und es wird sich di 


in Fig. 


wir sehen, tiber de 


also Elektrone 


werden 
Si- Bander 
cinstellen Dies 


sezeichnete Besetzungsgrenze 


das Auftreten heteropolaren 


Komponent 


der Bindung zw t hier nicht 
doch 


Ionenzustinde k 
Die Se nd 


sehen wil cenaueren 

vom Einfluss 
auch energetisch 
Energieschema zeigt, dass 
Mo-Biandern in Zustinde der Bander (1 
iiberfliessen: die dazugehérigen Atomeigenfunktions 
Richtung ei 


Mo-lIons 


Elektronenzustinde der 


haben gerade Maxima in 
Mo-Atoms Die 
durch die 


(1, 2) und (6, 8) 


ausgepragte 


positive Ladung 


des 


demnach 
nd in der nachsten | me 
Pola 
riimpfe wird daher gering sein 
Nach 
WSi, elektrische Leiter, 
Weiter sehen 


gerichteten 


weltg h« 


des Ions abgeschirmt. Di risation det 


dem Bandschema (Fig. 3) sind 


was mit des 
iibereinstimmt wir, dass 


Bander elnel Bindung el 


seine nichsten Nachbarn entspreche) 


entweder voll oder halb besetzt si 


13 
= 
lie 
4 
lie 
bil ‘ 
> 
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im Gegensatz zum Gallium einen stark homéopolaren 
Charakter der Bindung der Si- und Mo-Atome 
untereinander, sowie auch zwischen Si und Mo. So 


erklirt sich die grosse Harte dieser Stoffe. Es ist auch 


hier zu erwarten, dass MoSi, und WSi, diamagnetisch 


ist. Die Lage der Besetzungsgrenze in den oberen 
Bandhalften deutet auf einen anomalen Halleffekt 
hin. 
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THERMODYNAMICS OF LIQUID Ag-Au AND Au-Cu ALLOYS AND 
THE QUESTION OF STRAIN ENERGY IN SOLID SOLUTIONS* 
R. A. ORIANI 


The experimental details and the results of a galvanic cell investigation of the thern 


ody1 
gold-copper and solid and liquid silver-gold solutions are described. The heats of solution a 
with the predictions of several theories. The concept of strain energy in a solid solution is « 
the suggestion of Lumsden and of Wagner that A(AH) is a measure of misfit energ 

the present results and by arguments from the calculations of H. Jones. Elasticity 

are discussed, and misfit energy in a solid solution is defined as the energy chang 
position of a lattice on a liquid solution; only the portion of the misfit « 


radius about a solute atom is properly termed strain energy 


THERMODYNAMIQUE DES ALLIAGES LIQUIDES Ag-Au ET Au-Cu ET LA QUESTION 
D’ENERGIE DE DISTORSION DANS LES SOLUTIONS SOLIDES 
Particularités expérimentales et résultats des mesures des caractéristiques thermod 


solutions liquides or-cuivre et les solutions argent-or liquides et solides. Les chale 


comparées aux prévisions de diverses théories. La notion d’énergie de distorsion 
solides est discutée et lidée de Lumsden et de Wagner que A(AH) est une mesure « 


convenance est confirmée par ces résultats et par les caleuls de H. Jones. Lé 

l’élasticité sont discutés et énergie de disconvenance dans une solution s« 
changement d’énergie provoqué par l’introduction d’un réseau dans une solutior 

partie de l’énergie de disconvenance provenant du réseau hors d’un certain rayon auto 


du soluté peut s’appeler proprement l’énergie de distorsion 


UBER DIE THERMODYNAMIK VON FLUSSIGEN Ag-Au UND Au-Cu LEGIERUNG 
UND DIE FRAGE NACH DER SPANNUNGSENERGIE IN MISCHKRISTALLEN 
Die experimentellen Einzelheiten und Ergebnisse einer Untersuchung zur Thermodynamik von fl 
Gold-Kupfer- und fliissigen und festen Silber-Gold-Legierungen mit Hilfe einer galvanomet 
werden mitgeteilt. Die Werte der Lésungswarmen werden mit den Voraussagen verschi 
verglichen. Der Begriff der Verzerrungsenergie in einem Mischkristall wird diskutiert 
von Lumsden und von Wagner, dass A(AH) ein Mass fiir die Einpassungsenergi 


die vorliegenden Ergebnisse als auch durch Argumente aus den Berechnungen ‘ 
Elastizitatstheoretische Berechnungen werden diskutiert. Die Einpassungsenergi¢ 
wird als die Energie definiert, die man aufbringen muss, um der fliissigen L6su1 
aufzuzwangen; als Verzerrungsenergie sollte man nur den Teil der Einpassungsen: 
aus dem Gebiet ausserhalb einer bestimmten Entfernung von 1em Fremdatom 


1. INTRODUCTION solute atom which occupies a “ho 


. ae small for it. Averbach, Flinn, and 
Recent papers"-* on the thermodynamics of solid re 
. . . . the hydrostatic compression or ex 
metallic solutions have invoked the existence of seagi ei 
. : ee atom from its size in the pure (on¢ 
strain-energy contribution to the enthalpy of mixing sign ia 
to its size in the solid-solution lattice 
in order to rationalize the large positive numbers é 
. Henry and Raynor,‘ Friedel,“ and 
obtained for the latter quantity. The concept of strain : : 
. . . . _ elasticity theory both to the surrounding lat 
energy in solid solutions, though much used in many : 
: : . the solute atom much in the manner of the Mott 
contexts, has remained rather vague; underlying most 
. treatment of pre é particles within a 
treatments of the subject, however, are the ideas that “ae 
solid matrix. Furthermore, some of these treatments 
strain energy is to be associated with the disparity of 7 pap 
; ‘ consider that the elasticity-theory calculation furnishes 
size of the atomic constituents of the solid solution, as z 
. . . a number that represents a contribution to the internal 
and that strain energy is of mechanical origin and - bliin. F 
. energy of the syst m, whereas others (Machlin, Friedel 
somehow to be dissociated from every other factor 
“par” . . . consider that elasticity theory leads to a contribution 
occurring in the formation of a solid solution. . 
. . . . . to the free energy of the system, so that differentiatio1 
Attempts at quantitative estimate of strain energy 
,; . 2s with respect to temperature of the applicable elasticity 
have always involved classical elasticity theory, but 
awe . theory expression yields an entropy contributio 
the methods of application have been varied. 
Part of the reason for this diversity of approac} 


Lawson,’®) Heumann,‘® and Machlin’” consider the 
that there exists no experimental measurement o 
elastic energy stored in the lattice surrounding a I 


strain energy of a solid solution against which t 


* Received May 24, 1955 pare the calk ulations. Re ently. Lumsde1 

General Electric Research Laboratory, Schenectady, New : 
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Wagner“ have suggested that a comparis 
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elevant 
the liquid and the solid solutions may vield satisfactory 
measures of the strain-energy contribution to the 
properties of the solid solutions. The present paper is 
an experimental exploration of that idea, as well as an 
uttempt to clarify the concept of strain energy. 

2. EXPERIMENTAL DETAILS 
Because data of adequate accuracy exist for the 
solid alloys, and because both solid components have 
the same lattice structure (see below), the systems 
Au—Cu and Ag 
The 


determined by the galvanic-cell technique. 


Au were chosen for study in the 
liquid state. thermodynamic properties were 
the type illustrated in Fig. 1 were constructed and 
charged with chips of copper, silver, or gold, each of at 
least 99.99 per cent purity. Connection was made to 
the liquid alloys by 0.010-in tungsten wires enclosed 
The 


by thin-walled silica tubules. electrochemical 


VACUUM 
SYSTEM 


LAD) 


FILLING 
VESSEL 


QUARTZ PYREX 
GRADES 


TUNGSTEN LEAD 
WIRES 


SILICA QUILLS 


LEVEL OF 
LIQUID ELECTROLYTE 


SOLID REFERENCE 
ELECTRODE 


LIQUID ALLOYS 


diagram of the galvanic cell for 
electrode. 


Schematic 


Fic. 1. 


liquid alloys and solid reference 
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cells established were Cuyg) | Cut, KCI, LiCl | Cu(Au),;), 
and Ag;,) | Ag* KCl, LiCl | Ag(Au);1): 
case the e.m.f. between solid pure Ag and solid alloys 


in the latter 


was also studied. The cell e.m.f. was measured by a 
Leeds-Northrup A-2 potentiometer; the thermal e.m.f. 
generated by the alloys and the lead wires was 
measured by separate experiments and found to be 
negligible. The temperature of the cell was measured 
by a calibrated Pt/Pt (10 per cent Rh) thermocouple 
maintained in contact with the outer surface of the 
cell. 

The electrolyte, an equimolar mixture of KCl and 
LiCl] plus a small amount of either AgCl or CuCl, was 
prepared in a separate container by holding at 500°C, 
in contact with pure silver or copper wire, for at least 
three days under a vacuum of about 1 ~ Hg. Mean- 
while, the cell itself was prepared by holding it under 
the same vacuum at a temperature above the melting 
temperatures of the alloys. After this treatment the 
seal-off in the vertical tube was sealed shut and the 
liquid electrolyte was forced into the cell by pressure 
of pure helium. The cell was subsequently sealed off 
from the vacuum system under about half an atmo- 
sphere of helium. 

Once the cell was in readiness, the measurements 
over the accessible temperature range were carried out 
in only one day, since working in the liquid state makes 
it unnecessary to wait long periods for equilibrium. 
However, the measurements on the solid Ag-Au alloys 
were done at much longer waiting times. The alloys 
were chemically analyzed after the e.m.f. runs; the 
silver-gold alloys were analyzed for the gold content 
by a procedure developed and carried out by W. K. 
Murphy of this laboratory. 


3. EXPERIMENTAL RESULTS 
The e.m.f.-temperature curves obtained for solid 
cepper against liquid gold-copper alloys are shown in 
Fig. 2. 


entrance into the two-phase region 


The deviations from linearity correspond to 
between the 
liquidus and the solidus lines. The departures from 
linearity occur in opposite directions for the two alloys 
because the compositions lie on opposite sides of the 
melting-point minimum. Fig. 3 presents similar infor- 
mation for liquid silver against liquid silver-gold alloys. 
The points of departure from linearity agree well with 
the temperature along the liquidus line. It is con- 
sidered unnecessary to present the e.m.f.-temperature 
data for solid silver against solid silver-gold alloys, 
since the present results confirm literature values; 
only the derived values for the solid Ag-Au alloys will 
be presented. 

The activity of copper in the liquid Au-Cu alloys was 


| 
Ni 
—_V~ 
(0) 
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960 “980 1000 1020 1040 


TEMPERATURE, °C Fic. 4. Activities at 985°C of copper and of 


liquid alloys, relative to the pure liquids. The crosse 


2. E.M.F.-temperature relation for liquid Au-Cu values of acy calculated from solid-state data and t 


alloys against pure solid copper. diacram. 884 T 900% 
calculated from the e.m.f. data at 985°C, and was», 
; icy The agreement is gratifying in view of the large ex 
reduced to refer to pure liquid copper as the reference alle 
polation involved. 
state by the assumption that the entropy of melting es — : 
‘ : The activity of silver, calculated from the ¢ 


of pure copper is independent of temperature. Fig. 4 aaa é 
I PI I I data at 1O71°C, and that of gold, calculated by a 


shows the activities of copper and of gold, the latter ; 
graphical integration of the Gibbs-Duhem equation 


calculated by a graphical integration of the Gibbs- 
7 are given by Fig. 5. Each actlvity has as reference 
Duhem equation, and both referred to the pure liquid 
This state the corresponding pure liquid component 
alloys. This figure also shows the activity of copper in 
ppt values obtained by Wagner and Engelhardt” 
its liquid alloys calculated from extrapolation of the 
activity data for the solid state,“ and from knowledge 
of the liquidus and solidus points of the phase diagram. 


320}- 


72, X 
Ag 


1050 1070 ino 1130 ~ 1150 5. Activities of silver and of gold in their li yu 
TEMPERATURE, C relative to the pure liquids. 
Present data, 1071°C. 


3. E.M.F.-temperature relation for liquid Ag-Au 
4 LO8S°C, ref. 15. 


against pure liquid silver. 
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/ 
4 


0 2 


Fia. 6. 
relative to the pure solids, 
Present data, 850°C, 
Xx 745°C, ref. 15. 
. 550°C, W. Bode, calculated by N. G. Schmahl, 
Z. anorg. allg. Chem., 266, 1 (1951). 
200°C, A. Wachter, J. Amer. Chem. Soc., 54, 


4609 (1932). 


1085°C are also indicated. Fig. 6 presents similar data 


for the solid alloys of silver and gold, as well as various 


sets of values from the literature for the activity of 


silver. 

The resulting integral Gibbs free energy and enthalpy 
of mixing are shown in Fig. 7 for liquid Au-Cu alloys, 
in Fig. 8 for liquid Ag-Au alloys, and in Fig. 9 for solid 
Ag-Au alloys. 


from the experimental e.m.f. values and their tem- 


The enthalpy of mixing was calculated 


perature derivatives, and then by graphical integration 
of the Gibbs-Duhem equation for the second com- 


ponent. Table 1 presents a résumé of the present 


7 
/ 


a 


Fic. 7. The Gibbs free energy, AG, and the enthalpy, 
AH, of mixing of liquid Au-Cu alloys, 985°C. 
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Fic. 8. The Gibbs free energy, AG, and the enthalpy, 
AH, of mixing of liquid Ag-Au alloys, 1071°C. 


Fic. 9. The Gibbs free energy. AG. and the enthalpy, 
AH, of mixing of solid Ag-Au alloys, 850°C. 


experimental results for a mole fraction of one-half 
together with quotations from all the relevant litera- 
The entropy of mixing, AS, was cal- 
relation AG AH TAS. The 


four values tabulated for the AG at various tempera- 


ture sources. 


culated from the 
tures for solid Ag,,,.Au,,. are plotted against tempera- 
in Fig. 10; 


1.15 cal/deg g atom for the entropy of solution of solid 


ture the slope of this line yields a value of 
Ag, /2AU,/9, in good agreement with the value obtained 


solely from present data. 


-2600 


600 800 1000 1200 
TEMPERATURE , °C 
Fic. 10. The Gibbs free energy of mixing for solid Ag, 2 
Au, 2 at various temperatures; 
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TABLE 1. Summary of experimental results. 


25207 (1071°C) 
2200™ (500°C); 2020 (527°C) 
2120) (427°C) 1750™ (400°C) 
1456" (200°C) 
(850°C) 
430"); 
950": L300 
Q70F 
1-097 
1-2'*): 0-9 


2950TF (985°C) 


AGsol 


1200 


QY); 
1230; 


AMiiq 
AHsol 


0-937 
1-31" 


ASiiq 
ASsol 


0-96" 


+ Present work. 

Weibke and U. 

(4) Ref. 4. 
A. Olander, J. Amer. Chem. Soc. 58, 3577 (1931). 

(4) QO. Kubaschewski and O. Hichler, Z. Elektrochem. 52, 170. 
(1948) 

«) A. Wachter, J. Amer. Chem. Soc. 54, 4609 (19382). 

Ref. 16. 

‘9) Caleulated in ref. 17 from C. Wagner and G. 
ref. 15. 

Ref. 18; 


an Quadt, Z. Elektrochem. 45, 715 (1939). 


Engelhardt, 


value for 0.42 mol fraction Ag, at 0°C. 


4. DISCUSSION OF THE THERMODYNAMIC 
DATA 
The strongest point of disagreement between the 


present data and those in the literature is with respect 


to Kawakami’s"® calorimetric results for the heats of 


formation of both liquid Au, and liquid 


Ag,/;2Au,/. for the pure liquid components. However, 


Weibke and Kubaschewski“@” cast doubt on the 
accuracy of Kawakami’s experimental technique, and 
the internal consistency of the present data leads us to 
give little weight to his values. With respect to the 

430 cal/g atom for the AH of liquid Ag,,,Au, 9, it is 
not clear how Weibke and Kubaschewski"” calculated 
this the of Wagner and 
Engelhardt,“ present 


activity values at only one temperature. The present 


number from e.m.f. data 


since these investigators 


result for the heat of solution of solid Ag,,,Au,,. agrees 
well with that obtained by the solution calorimeter of 
Ticknor and Bever.®) 

Both liquid alloys exhibit negative excess entropies 
of mixing, in contradistinction to the liquid alloys 
19 which have solution entropies 
In the 


studied by K le ppa, 
larger than the entropy of random mixing. 
present case, the liquid alloys undoubtedly exhibit 
the 
the degree of short-range order that 


short-range order, since solid alloys do 


but 


some 


go, (20, 21, 22 
probably exists is not sufficient to account for the 
observed negative excess entropies. For example, 
from the statistical equation of Takagi,‘**? 


one may 


calculate that, for a co-ordination number of 12, if 


there are 5.05 A-nearest neighbors about any one 


A-atom, instead of the random distribution expec- 
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tation of 6, the excess entropy of mixing would be 


0.1 cal/deg g atom. Although the volume change 


upon mixing is not known for these liquid alloys, it is 
probable that it will have the same sign and roughly 
the same magnitude as that for the solid alloys. Solid 
Ag-Au solutions exhibit a very small negative devia- 
tion’*® from Vegard’s law, so that one might expect 
that the entropy change due to the change of volume 
on formation of the liquid Ag-Au alloys is negligible. 
Solid Au-Cu alloys deviate positively® from Vegard’s 
law, so that the volume change for the liquid solutions 
may contribute a small positive term to the AS of 
solution. Therefore, it would seem that these liquid 
alloys exhibit a negative vibrational contribution to 
the entropy of solution; that is, the stronger bonding 
between dissimilar atoms that is reflected in the 
negative heats of solution causes an increase in the 
vibration frequencies of the mass over what exists in 
the pure liquids. 

Wagener") has developed a method of calculation of 
the quantity, A( AG) at the melting-point minimum, of 
binary alloy systems which exhibit complete miscibility 
and have such a minimum. A(AG) is 
AG* AG” where AG®* is the Gibbs free energy ol 
solution of the solid alloy referred to the pure solid 
constituents, and AG” is the Gibbs fre 
solution of the liquid alloy referred to the pure liquid 


that the 


defined as 


energy ol 


components. Assuming only entropies of 
fusion of the pure components are independent of 
temperature, and using the co-ordinates of the mini 
A(AG 12] 


correcting AG” and 


ompositl 


mum, Wagner calculates for Cuy , 
cal/g atom. From the present data 


to 884°C. A(AG 


The discrepancy is probably duc 


160 tor the same ¢ 


both to experi 
error in our work and to the assumption that tl \ 


upon melting pure components ar 


independent of temperatur The measur 


capacities of sodium® and of potassium 


above and below the 


points cast doubt 


The A( AG) a 


Ag,/2Au,/. is zero from our measurements 


melting 
validity of this assumptiol 


is no melting-point minimum in this 


system 
method cannot be applied 
Wi 


properties of liquid metallic solutions reflect an 


have pointed out that the thermodynami 


appre 


ciable contribution from the modification that the 


atomic vibrations undergo in the formation of the 


has been shown tne (udsl 


solution. It 


chemical theory of solutions does describe the 


experimental results in the case of solid solutions 
which exhibit vibrational contributions, the reality of 


Au-Ni alloy 


It is of interest the refore to try to apply to 


which has been demonstrated in a 


| 
4 
1 956 


MET 


uid systems a statistical theory which explicitly 
-onsiders the vibrational degrees of freedom. Prigogine 
and Bellemans®® have extended the cell model for 
solutions of spherical molecules of different radii and 
having spherical fields of force. Although deviation 
from this last proviso would be serious for a calcu- 
lation of the elastic constants, one may reasonably 
hope that the energetics would not be much affected. 
The other essential assumptions for this theory are 
(1) that the energy of the system can be expressed as a 
sum of pairwise interactions between nearest neigh- 
bors only, (2) that the potential energy between two 
molecules ¢ and j is given by the Lennard-Jones ex- 
that 


pression (7) (r,,*/r)®], (3) 


i) ij 


r..* I (r,.* + r,.*), (4) that the atomic distribution 


is random. In these expressions ¢e,;,* and r,,* are 


respectively the energy and distance parameters of 


the minimum of the potential energy curve, and r is 
the actual distance apart of the neighboring atoms. 
The type of force law assumed is not important as 
Prigogine and Garikian™! have shown, and the devia- 
tions of our liquid solutions from random distribution 
of species can lead only to very small error. 

The important term in the relevant expression for 


the enthalpy of solution is 


AH 


4 50 p*| a 
NZ « 


where V is the Avogadro number, Z the co-ordination 


number, 2, the mol fraction of component 2, 


f * * 
€pp and p 


r44*)/r44-* The p-term can be evaluated 
from the lattice parameters of the pure components. 
The 6-term, analogous to the exchange energy term w 
in the regular solution theory,’ can be evaluated from 
Epp” €4 Pig in the case where dispersion forces are 
operating. Since this is certainly not the case in 
metallic solutions, the 9-term may be approximated 
in the case of Au-Cu alloys from the theory of the 
critical temperature of ordering in the solid solution. 
By the theory, w (kT’,) Z 
0.016 using Z 


~ 670°K for the disordering temperature of the f.c. 


quasi-chemical 
from which 4 


tetragonal Au,,,Cu,,. superlattice. Employing the 
series) up to and including the 
20 for a f.c.c. lattice) vields 


The 


0.0176, and is 


Kirkwood power 


fifth term (the term y 
essentially the same value for 9. Kikuchi‘? 
method for the f.c.c. lattice gives 4 
presumably the best approximation since it yields 
the highest?) value of w/(kT,). 
of 9, a value for AH of +2720 cal/g atom is calculated 


for liquid Au, ,,Cu, whereas the experimental number 


Using this value 


is i780. This large disparity, extending even to 
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the sign of the quantity, probably reflects the 
inadequacy of the third assumption, which is proper 
only for the case of operation of dispersion forces. 
that the 


properties of mixtures 


Salsburg and Kirkwood) have shown 
calculated thermodynamic 
are very sensitive to the values of the parameters of 
the Lennard-Jones potential, so that the arithmetic 
mean assumption for 7 ,,* May cause serious error. 

Varley" has considered the calculation of the heats 
of formation of metallic solutions from a less general 
point of view, but one specifically based on the elec- 
tronic interactions in alloys. The calculation takes 
account of the decrease in energy of a system that 
occurs when charge is transferred, repulsive inter- 
actions, electron exchange interactions, the ground 
state of electronic energy, and the radii of the atomic 


AH of 


solution from these effects must be negative, so that 


polyhedra change. The contribution to the 
Varley depends on a strain-energy contribution to 
obtain a positive term in the calculation of a AH for 
solid solutions. Since, except for the strain-energy 
term, the method employed is equally valid for the 
liquid as for the solid state, a comparison of Varley’s 
calculations with the present experimental results 
would be of interest, and is presented in Table 2. 
The degree of agreement is encouraging. 

Results of theoretical calculations 

of the heat of solution 


TABLE 2. 


Alloy Expl. AHz=1/2 Cell Theory Varley 


4030 
cal g atom 
1750 


liq. 1780 2720 


cal/g atom eal/g atom 


liq. 1050 


5. SOLUTION PROPERTIES OF SOLID PHASES 
vs. THOSE OF LIQUID PHASES 
Conceptually, a comparison of the thermodynamic 
properties of solution for solid alloys (referred to the 
pure solid components) with those for liquid alloys 
(referred to the pure liquid components) is interesting 
for the evaluation of strain energy in the solid solution 
only if every other factor in the solution process 
remains the same. The latter becomes more probable, 
as the change in molar volume on melting is small and 
remains independent of alloy composition, as the 
packing in the two phases is nearly similar, and when 
the electron-to-atom ratio is independent of com- 
position.°®) Empirically, such a comparison is 
the 
original concept of strain energy when the A(AG) 


satisfactorily in qualitative agreement with 


and the A(AH) are positive quantities the mag- 
nitudes of which vary roughly directly with the 
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disparity in atomic radii of the pure components. 

The present writer criticized the proposal 
Lumsden"®) as to the relevance of A(AH) for the 
evaluation of strain energy in solid solutions on the 
strength of a tabulation® of experimental A(A//) 
for many alloys of all types. However, Wagner ™® 
has pointed out that the comparison ought to be 
restricted to alloys having complete miscibility in the 
solid state. Nevertheless, even for Ag-Au, Au-Cu (see 
Table 1), and Cd-Mg,t the data then available were 
not conducive to the belief in the relevance of A(A//). 
At present, however, the deductions of A(AG) by 
Wagner”? for binary 
systems having melting-point afford 


the numbers have something 


from phase-diagram data 


minima one 
some confidence that 

to energy, since they are positive 
quantities and depend roughly on (r,—r,). Any 
deduction of A(AH) from A(AG), however, must 
depend upon some assumption concerning the en- 
The 
calculation of Brown®® on the A(AH) for dilute 
solutions of cadmium in zine yields a positive number 
of reasonable magnitude. The present results on 
A(AG) and A(AH) for Ag,,,.Au,,. and Au, also 


strengthen the idea that such a comparison is of help 


do with strain 


tropies of solution of one or of both phases. 


in evaluation of strain energy in a solid solution, since 
not only are all the quantities positive numbers, but 
also they vary in the right direction with r, — rp. 


It may be mentioned in passing that Lumsden’s"® 


proposed correlation between A(AH,) A(AS,), for 


vanishingly small concentrations of species 2, with 


3RP,/(4x,?V,) of the pure solvent species (R = the gas 


constant, = compressibility, = thermal expansion 


coefficient, and V molar volume) does not hold at 
all for Au-Cu and Ag-Au; however, our accuracy in 
the evaluation of A(AH,) A(AS,) from the present 
measurements is poor. 

The work of H. Jones) lends added support to the 
correlation of A( AH) with the strain energy in a solid 
solution. He has shown that, for solutions of randomly 
distributed species, and for which the heat capacities 
of the pure solvent in the solid phase, C'y°, in the pure 


liquid phase, C,”, of the solid solution, C,,*, and of the 


liquid solution, C*. obey the relation 


In 7 


0, 


+ For Cd,,.Mg,,. the available data were AHL 2000 
cal/g atom."'®) AHS 1940 cal/g atom.'*7) Discovery of 
a mathematical error in the latter modifies the AHS to 1302 
so that the A( AH) now acquires significance if one assumes the 


correctness of Kawakami's result. 


of 
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the change with mean solute concentration a of the 


difference in ene rey between the solid and the liqui | 


phase is given by 

Ayo 
A1 0 

vhich shall 


H 


sper tively 


In this equation, U is the internal energy 
be 


condensed phases, A, and 


taken as synonymous with the enthalpy 


the 


enthalpy of melting and the absolute melting point of 


l 


pure solvent 1, and 2, and ag are the solute mol 
fractions in the liquid and solid solutions respectively 

which are in mutual equilibrium at the temperature 7’ 
It is easy to show that A( AH) AH” AH! Is given 
by the same relation, except that A, » is replaced by the 
arithmetic mean of the enthalpies of melting of the two 
pure components. It is to be noted that the condition 
on the heat capacities is apt to be rather well obeyed 
involving as it does a diff rence ot dift rences, even 
for alloys which have appreciable deviations from th 
of the 


therefore exhibit non-configurational contributions to 


rule of additivity heat capacity and which 
the properties of solution. 


Table 3 A( AH) 


above for three alloys 


presents calculated as described 


at a composition chosen to 


Property difference 


solution 


Temp. | A(AH 


( ale’d 


correspond to the melting-point minima for 


and Au-Ni, so that the logarithmic t 


erm Is Ze] 
logarithmic term is essentially zero for the Ag 
also because of the very narrow two-phase r 
calculated by Wagner”) for this s 
ment for Au-Cu and Ag-Au 
culated and experimental A(A//) is 
expected in view of the 
The A(AH) for Nig 
corresponding liquid alloy of about 1650 « 


Wagner’s"4 


nis vlloy 


stem 


allovs bye LW 


accuracy 
leads the 
atom 

Since 
640 for é 
atom and 2.5 


experimental 


using the data of Seigle et al. 
calculation leads to A(AG) 

can obtain AG” & 1450 cal 
atom with the help of the 
Thus, 


culations agree with the conclusion of Seigle et al.“ 


one 


cal deg y 


data”) for the solid alloy. whereas these cal 


2] 
4 
a 
Ag, Au,, 10 ( 
eT 
1S 
0 


ACTA METALLURGICA, 


that liquid Au-Ni alloys have activities that closely 
follow Raoult’s law, it is seen that the liquid solutions 
are in reality very far from ideal, but that a large 
positive enthalpy of mixing is balanced by a large 
positive excess entropy of mixing. These large excess 
quantities have an important consequence that will 
be discussed in a later section. 

Jones) showed that, for alloys of atoms of equal 
size, of simple structure in the solid state, and for 
which the volume-change upon melting is independent 
of composition, the variation of latent heat of melting 
with solute concentration will arise mainly from the 
variation of Fermi energy upon melting; and hence 
that the energy difference between solid and liquid 
alloys of the same composition will depend upon the 
number of extra electrons per atom introduced by the 
solute metal. Table 4 shows that, since the volume 
changes upon melting of the pure elements are so 


TABLE 4. Change of molar volume on melting? 


Pure meta AV 


0-42 em? 


0-55 em?*/s 


atom 
atom 


0-32 em?/g atom 


similar,“ this quantity is likely to be essentially 


The dAU 


calculated by the equation given above is tabulated in 


independent of composition for their alloys. 


the fifth column of Table 3, and is to be compared with 
the quantity 900 (v |) #, the empirical expression 
OAU for 
valence v in copper and silver as solvents. Since the 
e/a ratio remains constant for Au-Cu and Ag-Au, the 
valence effect leads to zero OAU, so that the finite 
values of OAU in the fifth column of Table 3 may be 


deduced by Jones for various solutes of 


ascribed to strain energy in the solid solution, and it 
is gratifying that they are about equal to the ex- 
pe rimental values for A(AAR). Since v 2 for Ni, 
finite to the dAU from the 
Fermi energy effect, so that one can say that all of the 
A(AH) of 


ascribed to strain energy in the solid solution. 


there is a contribution 


calculated 950 cal/g atom cannot be 


6. RELEVANCE OF ELASTICITY-THEORY 
CALCULATIONS 
into a solid 


When one solute atom is introduced 


solvent metal there occurs a change of volume and a 


change in lattice parameter of the system. If it is 
desired to apply classical elasticity theory to estimate 


the portion of the partial molar heat of solution that is 
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due to “strain energy’’, it is necessary first of all to 
decide beyond what radial distance r,, away from the 
center of the solute particle shall the deformation of 
the lattice be deemed to be Hookean. Then from the 
observed change of volume of the assembly of an 
Avogadro number of atoms one may deduce the volume 
change suffered by the region of final radius 7, about 
the solute atom, whereupon, from the equations of 
elasticity theory and considering the image displace- 
ment,‘?” one can calculate the Hookean elastic energy 
residing in the lattice beyond r,. The choice of the 
cut-off radius r, has been taken variously as the radius 
of the solute atom, * the radius of the cluster of twelve 


(9) 


atoms about the solute atom,'®) and the radius of the 


third-nearest-neighbor shell?) about an interstitial 
solute atom. Since the elastic energy varies inversely 
with the cube of ae the calculation is extremely sen- 
sitive to the choice made. As the concentration of 
solute particles increases, such a calculation can still 
be carried out in a meaningful fashion up to such a 
concentration of randomly distributed points of 
that the 


formation begin to impinge upon one another; beyond 


disturbance regions of non-Hookean de- 
this point the elastic deformation will not sum up 
self- 


evident that a value of r,, (measured by the number of 


linearly.“ It should be noted that it is not 
neighbor shells) adequate at infinite dilution is also 
adequate at appreciable concentration. In view of our 
ignorance of actual displacements of atoms about a 
solute atom, it seems wise to apply elasticity theory 
only to very dilute solutions, perhaps up to one atom 
per cent. 

Before going further it should be pointed out that 
what the calculation that has been described yields is 
a contribution to the free energy, strictly the Helm- 
holtz free energy, of the solid solution. This is because 
the bulk the 


elastic constants in general, have to do with the work 


isothermal modulus, and isothermal 
necessary to deform a body in a reversible, isothermal 
fashion. Therefore, in order to find the contribution 
to the energetics of solution one must add the entropy 
term, multiplied by the temperature, to the free- 
energy term. Since the entropy term is the negative 
of the derivative of the free-energy term with respect 
to temperature, and since bulk moduli generally 
decrease with temperature, the entropy contribution 
from the region in a solid solution beyond r, will in 
general be positive. 

Table 5 presents a comparison between the experi- 
mental A(AH), the difference between the partial 
molar enthalpies of solution of solute in very dilute 


solid and liquid solutions, and the AG, the elastic 


from r >r, to the partial molar free 


n 


contribution 


22 
\g 
Au 
Cu 
Ni 
4 
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TABLE 5. Elastic contribution calculated for region beyond 
r, compared with experimental A(AH) for very dilute solute 


Experimental 
cal/g atom 


, caled. 
cal/g 


AV 


3/atom 


Sol- 
vent 


Sol- 
ute atom 


AHS AHL | A(AH) 
500 
650 


3900 
4250 


3300 
3600 


910 
160 


5300 
2600 


750 


1400 


3550 
1170 


2960 


19400 3-5 87 


energy of solution for the solute. The latter quantity 

was calculated by 

(AV) 
Nk ——., 


AG, 
l+ J 


? 


bulk 


is the Avogadro number, 


and k are the Poisson ratio and the 
modulus of the solvent, .V 
Ss (47/3)r,3, and AV is the change in volume, per 
atom, of the lattice. Following Moon, AV 
the 

the pure solvent, a, is the value at which the tangent 
the lattice 
for 


where 


a,°?)/m, where ad, is lattice parameter 


cuts 
the 


Hume- 


parameter-composition curve 
the 


atomic 


to 


the to 


solute (analogous 
of 
Rothery), and m is the number of atoms in a unit 
cell. The the 
Handbook of Metals, the bulk moduli from Waser and 
Pauling,“@” and the lattice parameter curves from 
refs. 24, 25, and 45. Ther, has been taken arbitrarily 


axis pure 


apparent diameter Axon and 


Poisson ratios were obtained from 


as the radius of the sphere just enveloping the shell of 


first neighbors in the pure solvent. The AG, was not 


corrected to the AH... for lack of data on the tem- 


The table 
shows that there is no significant correlation between 
the observed A(AH) and the calculated elastic-enc rey 


quantity. 


perature variation of the bulk moduli. 


It is seen, then, that application of elasticity theory 
and the continuum model to the Hookean region of a 
dilute solid solution leads to no conceptual difficulties 
only to serious ones of operational detail: how to 
(and 


The 


problem with respect to the region containing the 


choose an r,, its variation with concentration 


temperature), and the limiting concentration. 


solute atom and bounded by a surface of radius r,, has 
Qualitatively, in the 
there will be a transfer of charge to 
(11) 


conceptual difficulties as well. 
region within r, 


or from the solute ion, leading to a change in the 


‘size’ of the ion; there will be screening of the cation 
(10) 


charge by the conduction electrons, as well as a 


change in the closed ion-shell interactions; there will 


LIQUID Ag-Au AND Au-Cu ALLOYS 

be a change in the radius of the first- and succeeding- 
neighbor shell, as well as a change in the atomic vibra- 
that 
incidentally conceals the difficulties associated with 


is to apply the Mott-Nabarro"? 


tions in region. A popular approach, which 
a specification of r., 
treatment for the elastic strain produced by a solid 
precipitate within a solid matrix to the limiting case 
when the second phase is one solute atom, or the solute 
The 
calculation consists in computing the compressive free 
ol 


a final radius ? 


8, 9 » il 


atom and its immediate neighbors. 


energy contributed by the cluster atoms in going 


from a specific initial radius 7, to and 


in computing the elastic free energy stored in the 
lattice beyond r’ by virtue of the change in radius of a 
spherical cavity in the material from an initial radius 7 
to the final radius r’. The final radius r’ is determined 
by a minimization of the sum of the two contributions 
with respect to final radius 

Thus, this method presumes that there is Hookean 
behavior beyond r’, but what is much more important 
is, it presumes that the equilibrium radius of a cluster 
or of a solute atom, is determined by the minimization 
This minimization has 


| model conte mplated 


of these two free-energy terms. 
significance for the mechanica 


but has little relevance for the physical system 


Actually, small changes in the electronic terms produce 
ley i 


much larger changes in energy than are considered 


these calculations. But of greater import is th 


realization that, since all of the effects discussed above 


that occur within a region will occur in the li 


solution, the radius of, say ond shel 


bors will be determined 


electroni interactions, and 


elasti Stress in the region 


solid state, qualitatively t 


determine the radius of the 


about a solute atom, but th 


lead to a second-order chang 


shell from what it we 


olassy state. as well 
lattice bevond that sii 
ot 


distribution 


the imposition of 


ol charge het 


small change in the co-ordin: 


in the ratio of species in the 


consequently a small chan 


radius ol any one shell ot nelg! l Such changes 


cannot be calculated by elasticity theory, and properly 


1] 
as yvileldl ntripution to 


should not be thought of 


the strain Therefore, it seems best to use 


the 


energy 


term misfit energy to cover the energetics 


what happens both within and beyond » 


are associated with radius disparity betw 


Au Ag 0-3. ~3 
Ag Au 0-0 
Cu Au | 4-2. 
Au Ni 
VOL. 
4 


ACTA METALLURGICA, 


omponents, and their sum is what is measured 
by the A(AG) and A(AH) quantities discussed in a 
previous section. In short, the misfit-energy effect 
within vr, can be thought of as arising from the small 
change in the radius of the mth shell of neighbors, by 
the imposition of lattice periodicity; r,, measured in 
angstroms, is primarily determined by the electronic 
interactions which are qualitatively the same in the 
solid as in the liquid state. The excellent numerical 
»] (10) 


agreement obtained by Fried between elasticity- 


theory calculations and the experimental heats of 


solutions of solid Au-Ni alloys is itself an indication 
that what was calculated is not a strain energy, since 
incorporated in the AH®, and a major part of it, 
is the sort of interaction that leads to a large positive 
number for the heat of solution in the liquid Au-Ni 
alloys. 

Various authors have written of a strain (or misfit) 
energy in a liquid solution, without, however, further 
The sense 


elucidation. in which such a concept is 


meaningful is very restricted. It can be said that a 
liquid solution of species A and B will exhibit a more 
positive enthalpy of mixing than will a liquid solution 
of the same components if A were to have the same 
ionic size as B. This statement has no operational 
significance, but is simply an assertion concerning a 


The 


is able to give an indica- 


situation. 


(30) 


physically unrealizable 
Prigogine and Bellemans 
tion of sucha hypothetical misfit energy. Nevertheless, 
in view of the lack of an operational definition of 
misfit energy in a liquid solution, it seems preferable 
with caution, and to measure the 
solid 


the liquid solution as zero. 


to use the term 


misfit energy in a solution with reference to 


7. CONCLUSIONS 


Auand Au 


taoult’s 


(i). The liquid binaries Ag Cu exhibit 


negative deviations from law, negative 
enthalpies of mixing, and negative excess entropies of 
mixing. The latter reflect a negative contribution from 
the changes in atomic vibrations caused by alloying. 

(ii). The experimental heats of solution of the liquid 
alloys are not adequately calculable by the cell model 
or by a simple consideration of the electronic inter- 
actions between solute and solvent. 

(iii). For binary alloy systems which exhibit com- 
plete miscibility in the solid state, which have 
composition-independent volume changes on melting, 
and in which the e/a ratio does not change with 
composition, a good measure of the misfit energy in 
the solid solution is given by the quantities A( AG) 


and A(AA). 


theory of 
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(iv) The elasticity-theory calculation of the strain- 
energy contribution to the misfit energy in a very 
dilute solid solution from the region beyond the 
solute atom by a distance r,, is conceptually meaning- 
ful, and leads to a free energy quantity; however, 
because the numerical result is so sensitive to the 
value of r,, it is necessary that the choice of 7, be 
justifiable by other considerations before the calcu- 
fruitful. Such 


siderations are not apparent. 


lation can be independent con- 

(v). The elasticity-theory calculation of the con- 
tribution to the misfit energy from the region within 
the distance r, from the solute atom is conceptually 
meaningless. 

(vi) Misfit energy in a solid solution is a term best 
used in connection with the energy and free-energy 
changes brought about by the imposition of lattice 
periodicity on a liquid solution of any concentration. 
There will then be contributions from both within and 
without the distance r,, though the former cannot be 
the latter 


contribution may justifiably be called strain energy, 


computed from the theory of elasticity; 


since it is in principle calculable from elasticity theory. 
(vii). The term strain energy or misfit energy in a 
liquid solution is operationally meaningless, and has 
conceptual significance only theoretically and with 
respect to an unattainable reference state. 
(viii). The Au-Ni liquid solutions have large positive 
The misfit 


is less than the calculated 


enthalpy and excess entropy of mixing. 
energy in solid Au, 
A(AH) of 950 cal/g atom because of the change in 


e/a ratio with composition. 
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KINK-BANDS IN GERMANIUM* 
FRED D. ROSIt 


Coarse kink-bands were observed in single crystals of germanium extended above 700°C. The 
formation and appearance of these bands are discussed. Their crystallographic geometry was found by 
X-ray analysis to be similar to that reported for face-centered cubic metals. The occurrence of kink- 
bands appears orientation-dependent, and is associated with heterogeneities in the flow process. 
Kink-bands were not observed in crystals in which extensive slip occurred on several systems. Analysis of 
Laue spots revealed polygonization in crystals exhibiting extensive kinking at 850°C. 


BANDES DE PLIAGE DANS LE GERMANIUM. 


De larges bandes de pliage ont étéo bservées sur des monocristaux de germanium déformés au-dessus 
de 700°. La formation et l’aspect de ces bandes sont discutés; leurs propriétés cristallographiques, 
déterminées par rayons X, sont analogues a celles observées dans les métaux cubiques a faces centrées. 
Leur apparition dépend de lorientation du cristal et est reliée aux hétérogénéités dans le mécanisme de 
la déformation. Les bandes de pliage n’ont pas été observées pour les cristaux présentant des glissements 
multiples. L’analy se des taches de von Laue indique une poly gonisation pour les cristaux presentant 
un kin-king important a 850°C, 

KNICKBANDER IN GERMANIUM 

In Germanium Einkristallen. die oberhalb 700°C gedehnt worden waren, wurden grobe Knickbander 
beobachtet. Die Entstehung und das Aussehen dieser Bander werden diskutiert. Durch réntgenogra- 
fische Untersuchungen wurde festgestellt, dass ihr kristallografischer Aufbau dem fiir kubischflachenzen- 
trierte Metalle entspricht. Das Auftreten von Knickbandern scheint orientierungsabhangig zu sein. 
Es wird von Inhomogenitaten des Fliessvorganges begleitet. In Kristallen, bei denen ein ausgedehntes 
Gleiten auf mehreren Systemen auftrat, wurden Knickbander nicht beobachtet. Eine Analyse der 
Lave Flecken zeigte, dass bei Kristallen, die bei 850°C eine ausgedehnte Knickbildung zeigen, Polygoni- 


Sation aultritt. 


1. INTRODUCTION in the literature in connection with the occurrence of 


Recent studies"-* of the deformation mechanism jnhomogeneities of glide. such as kink-bands and 
in germanium crystals at elevated temperatures have — bands of secondary slip. It is the purpose of this paper 
shown that slip occurs on a {111} plane (see Fig. 1) to describe observations of kink-band formation made 
and in a (110) direction, which are the planes and jn the course of investigation into the stress-strain 
directions of closest packing in the diamond-type characteristics of germanium single crystals extended 
lattice. At present, however. there exists no evidence above 700°C. 


2. EXPERIMENTAL 


The germanium used in these experiments was 
zone-refined to a resistivity of approximately 45 
ohm-cm. Cylindrical single crystals were produced by 
withdrawl of a seed from the melt (Czochralski 
technique), which permitted the study of crystals ot 
any desired orientation. The as-grown crystals were 
p-type, with resistivities ranging from 35 to 45 ohm-cm. 
Tensile specimens were cut from these cylindrical 
crystals in the form of sheets, 2 in. 0.2 in. 0.07 in, 
4 For purposes of gripping the specimen in tension, rods 


of similar-purity germanium were fused to the ends of 


tA the sheet. A typical example of a tensile specimen 


earance of slip in germanium with fused grip-ends is shown in Fig. 2. 
at 750°C. 150, 


ae Tensile deformation was accomplished by the use of 
d May 17, 1955 
Laboratories, tadio Corporation of America, : 5 
load-extension curve at a constant crosshead speed of 


an Instron tester, which automatically recorded the 
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2. Typical single-crystal specimen for 

tensile testing. 
0.02 in. min~!. Heating of the specimens was done in 
a Hoskins furnace in an atmosphere of purified argon. 
Details of the tensile assembly will be given in a later 
work concerned with stress-strain characteristics. 

Preparation of the surface of the crystals for optical 
microscopy consisted of surface grinding and then 
mechanically polishing with No. 305 American-Optical 
Compound. A final chemical polish in a dilute solution 
of hydrofluoric acid in nitric acid removed the cold- 
worked layer resulting from the mechanical treatment, 
and provided a surface satisfactory for examination 
of deformation markings. 

The method of indentification of the slip-planes, as 
well as the bend-planes associated with kinking, was 
based on the use of a stereographic plot of a back- 
reflection Laue photograph describing the region 
where the slip and kinking were observed. Indenti- 
fication resulted from the location in these plots of the 
poles of the planes responsible for the slip- and 


bend-planes. 


3. RESULTS AND DISCUSSION 


Frequent observations of coarse kink-bands were 
made in crystals in which extensive slip had occurred 


on a single, primary system. As shown in Fig. 3, these 


bands are very similar in appearance to those reported 


in a number of metals by various investigators,“~* in 
that they represent disoriented regions of the crystal 
which are bounded by parallel bend-planes making an 
the 


slip-planes. Moreover, from the relative angles which 


angle of approximately 90° with active 
the {111} slip markings make with the tension axis, 
it is apparent that the lattice reorientation due to slip 
within the band lags behind that of the matrix material. 
This lag in lattice reorientation increases with de- 
formation, and this is reflected in a higher density of 


slip markings in the crystal matrix as compared to the 


KINK-BANDS 


IN GERMANIUM 


Appearance of kink-bands in ery 


approximately 25 per cent at 800°C. 


region within the band. It would appear from this 


that the bend-planes outlining the kink-band are 
effective in trapping dislocations moving along the 
active slip-planes, and that this effectiveness increases 
In effect, this is to sa\ 


with deformation. that the 


kink-band is rotating toward the stress axis in an 


opposite sense to the primary slip-lines 
It may be noted that kink-bands were most fr 
quently observed in regions ot stress inhomogene 
such as at the specimen edges and in the vicinity of 
the grips (see Fig. 4). This behavior would suggest 
that 
In the disoriented region of the kink-ban 


it may also be seen that slip has occurred on : 


kinking can act as a stress-relief mechanism 
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5. Absence of coarse kink-bands in region 
of multiple glide on {111} planes. 


‘ty 


set of planes. This observation was not uncommon at 
the higher deformations (>20 pcr cent elongation). 
It is apparent from the orientation of the secondary 
slip-planes with the stress axis, that their rotation, 
like that of the kink-bands, is in an opposite sense to 


the primary slip-planes. It is possible, therefore, that 


the occurrence of secondary slip within the lattice of 


the kink-band is to facilitate the rotation of the band 
toward the stress axis with increasing deformation. 
Kink-bands were not optically detected in (111) and 
100) crystals which had been extended as much as 
80 percent. It would appear from this that the occur- 


rence of kink-bands in germanium is orientation- 


dependent in that, for critical orientations, where 
multiple slip can be expected at the onset of flow, 
kink-band formation is not necessary to the glide 
process. A similar behavior has been reported in 
aluminum": 1°, 1) and titanium.'®) This orientation- 
dependence further supports the view that kinking is 


a st ress-relief mec hanism, since secondary slip Systems 


Appearance of well-defined bend-planes outlining 
150. 


Fic. 6. 
the kink-band in a crystal extended at 800°C. 
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otherwise would 
necessitate The 


coarse kinking in a region of multiple slip on {111} 


could relieve those stresses which 


kink-band formation. absence of 
planes is shown in Fig. 5. 

Unlike kink-band development in metals, the bend- 
planes outlining the band in germanium often appear 
as well-defined lines, as shown in Fig. 6. These lines 
are probably a result of the banding of individual 
bend-planes, which can be expected to be very mobile 
at the high temperatures of deformation. Fig. 6 also 
reveals a tendency for the bend-lines to cluster, as well 
as an irregularity in their direction across the crystal. 
Optical examination of a number of these bend-lines 
indicated that this irregularity can be attributed to 
the formation of stepped secondary bend-planes, 
which make an angle of approximately 90° with the 
secondary slip-planes often appearing within the kink- 
band (see Fig. 4). 
vidual bend-planes have been described in detail in a 


The processes of banding of indi- 


recent study of kink-band development in titanium. ‘®) 


Segmented bend-plane formation at boundary 
150. 


“ireliean.. slip on two sets of {111} planes. 

Fig. 7 shows the unusual formation of segmented 
bend-lines in a region of the crystal representing the 
boundary between slip on two sets of {111} planes. 
Thus, the formation of bend-planes could be associated 
with an obstruction to the motion of edge dislocations 
on active slip-planes. In agreement with the topo- 
graphy of kinking, each segmented bend-plane in 
Fig. 7 is approximately normal to one of the two 
active {111} slip-planes. 

The bend-planes of the kink-bands in moderately 
deformed crystals were found by X-ray analysis to 
coincide with {110} planes, the normal to which corre- 
sponded to the active slip direction. Moreover, from 
the appearance of the slip-line pattern in the as- 
deformed, unetched crystal the lattice rotation at the 
bend-plane is about an axis in the slip-plane, normal to 
the slip direction. This axis corresponds to a (112 
direction, which represents the intersection of the 
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indicating crystal- 
formation in 


Fic. 8. Standard (100) 
lography of bend-plane defining 
crystal extended approximately 25 per cent. 


project ion 
kink-band 


{110} 
These data are summarized in the standard projection 
of Fig. 8, 
axis, the positions of the slip-plane, slip direction, and 


bend-plane with the active {111} slip-plane. 
which indicates, in addition to the rotation 


bend-plane in the crystal of Fig. 3. 
the specimen axis with deformation towards the [101] 
slip direction is also indicated. Thus, the crystallo- 
graphic geometry of kinking in germanium is the same 
as that reported in the face-centered cubic metals, 
and copper.“ 

It has already been pointed out that in severely 
deformed crystals the operation of a second slip system 
was frequently observed in the lattice of the kink-band. 
From stereographic constructions of the lattice orien- 
tation inside the band, it was found in all cases that 
the secondary slip-plane corresponded to a {111} plane, 
which did not coincide with the conjugate plane of slip. 
For example, in the stereographic plot of Fig. 8, the 
secondary slip-plane corresponded to the (111) plane, 
which is the predicted plane of slip for crystal orien- 
tations in the triangle, [100] [110] [111]. 

One final observation of interest was the appearance 
of back-reflection Laue spots from crystals which had 
been extended above 25 per cent at 850°C, and in 
which extensive kinking or slip on several systems had 
Fig. 9, severe asterism was 


oceurred. As shown in 


observed; but the streaks were broken up into a series 
of distinct segments, indicative of polygonization.'® 
This would suggest that, at 850°C, recovery processes 
are occurring in germanium at a more rapid rate than 
work-hardening processes, which could account for the 
observed absence of any appreciable work-hardening 
in these crystals over a wide range of deformation. 
The present data also indicate that the break-up of the 
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Fig. 9. 
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asterism appears at earlier degrees of deformation, and 
is more complete in the crystals exhibiting slip on 
several systems. 


4. SUMMARY 


Tensile deformation of germanium single crystals 
above 700°C have led to the following observations in 


connection with kink-band formation: 


|. The crystallographic and geometric features of 


kink-bands are very similar to those reported in a 
number of face-centered cubic metals. 

2. The occurrence of kinking appears to be orienta- 
tion-dependent, and is associated with stress inhomo- 
geneities as a result of plastic flow. Kink-bands were 


never observed in crystals where extensive slip 
occurred on two or more slip systems. 

3. The kink-band rotates in an opposite sense to the 
primary slip markings, and this rotation is accommo- 
dated by the appearance of secondary slip within the 
region of the kink-band. 

4. Analysis of distorted Laue spots indicates that 
polygonization occurs simultaneously with deformation 
at 850°C. 
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THERMODYNAMIC PROPERTIES OF SOLID ALUMINUM-SILVER ALLOYS* 


MATS HILLERT, B. L. AVERBACH, and MORRIS COHEN 


The relative thermodynamic properties of the Al-Ag system have been determines 
range 642—-820°K by means of emf measurements and compared with the local ator 
determined from diffuse X-ray scattering. Qualitative agreement is obtained 


chemical and Friedel’s theory. 


PROPRIETES THERMODYNAMIQUES DES ALLIAGES SOLIDES ALUMINIUM-ARGEN1 


Les propriétés thermodynamiques du systéme Al-Ag ont été mesurées dans l’intervalle de température 
642—-820°K par mesure des forces électromotrices et comparées aux arrar gements 
déterminés par la diffusion des rayons X. Un accord qualitatif est obtenu a la 


quasi-chimique et celle de Friedel. 


THERMODYNAMISCHE EIGENSCHAFTEN VON FESTEN ALUMINIUM-SILBER 
LEGIERUNGEN 


Fiir den Temperaturbereich von 642—-820°K wurden die relativen thermo: 


des Systems Al-Ag mit Hilfe von EMK-Messungen bestimmt. Sie wurden 


anordnungen verglichen, die aus Aufnahmen der diffusen Réntgenstreuur 


Qualitative Ubereinstimmung besteht sowohl mit der quasi-chemische1 
Theorie. 


1. INTRODUCTION 
Although the Al-Ag system, which is shown in 
Fig. | 


hardening,” diffuse X-ray? and equilibrium 


has been investigated frequently in age 
1 


studies, the thermodynamic properties of these alloys 

have not been measured. The thermodynami 

quantities are of particular interest in connection 

with the various theories of solid solution formation 

which relate them to the local atomic arrangements in 

the solution. This system is especially significant in 

Friedel’s theory, which relies on the difference in 

valence between the components for the introduction 

of local electron energy levels. X-ray measurements 

which indicated a clustering of like atoms in the 

aluminum-rich solid solutions have been EXPERIMENTAL PROCEDURI 
ported, ®) and the present work provides the 

necessary thermodynamic data for a test of the solid 
solution theories. 

From the result of this investigation it appears that 
Friedel’s theory predicts the correct type of local 
order but unfortunately does not permit a quantita 
tive correlation with the thermodynamic data. Thy 


quasi-chemical theory gives a qualitative correlation ‘lsewhere ourteel ; veri whole 


between the ‘hermodynamic and the X-ray measure- composition range, were made by melting 99.995 Al 


ments. but dves not allow a prediction ot these supplied by the Aluminun ( npa \ ol Ameri 1 and 
properties from the form of the phase diagram high-purity electrolytic Ag und un atmosphere of 
The notation adopted by Wagner ® is used he argon. Rods of each all were led in separate 
Vvcor tubes under vacuum and annealed at 540°( 

* Received May 24, 1955. ‘ 
Department ol Metallurgy, Massachusetts Institute 


for 7 days. Electrodes 30 mm long and 2 mm diam 
Technology, Cambridge, Massachusetts. were obtained by filing the cast rods to shape An 
This diagram was drawn by J. E. Hilliard from selecte 
experimental data Ag lead wire Was We lded to eat h n lec trode 
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The same electrolytic apparatus was used as in 


9) 


revious studies,‘ but a new top was designed 
which permitted two electrodes to be put into the 
ell, and taken out without contaminating the purified 
The cell the 


without 


was brought to 
the 


A pure Al and an alloy electrode were then inserted 


argon atmosphere. 
desired temperature electrodes inside. 
into the cell and allowed to attain thermal equilibrium 
just above the surface of the electrolyte. They were 
then dipped into the elect rolyte and the first potential 
reading was taken after about 15 seconds. The reason 
for this unusual procedure was as follows. 

The Al-rich alloys gave rather stable emf values; 
alloys with a high Ag content were quite unstable, and 
there was a rapid change of potential with time. It 
was considered that at least two factors determined 
this rapid change, one increasing the potential and the 
other decreasing it. The first factor was probably the 
presence of moisture, which together with the 
electrolyte, dissolved Al from the electrodes and thus 
increased the Ag content at the surface of the alloy. 
The influence of this variable could be minimized by 
taking the potential readings as soon as possible after 
the electrodes were dipped into the electrolyte. 
Because of this chemical reaction, the surfaces of the 
electrodes were always cleaned by filing prior to each 
measurement. 

The decrease of potential with time was very rapid 
and took place mainly during the first minute. If the 
electrodes were taken out from the cell, cleaned and 
inserted again, the potential started from a valu 
lower than the original starting potential, and th 


decrease with time was less. After several repetitions, 


the starting value became constant and the effects of 


The 


rapid decrease in potential appeared again if the 


holding time became more difficult to detect. 


electrolyte was allowed to rest at temperature for 


TABLE 1. Experimental emf values for Al-Ag alloys 


mV 


642°K 722°K 


0.046 
0.1038 
0.147 
0.196 
0.400 
0.600 
0.651 
.699 
.750 
.780 
S815 
900 
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some time. It was considered that the low, constant 
starting value was most representative of the activity 


of Al. 


constant 


After the bath had been conditioned to give 


emf values with one set of electrodes, 
measurements with the other alloys were made as 
quickly as possible. The heating period above the 
bath prior to the immersion of the electrodes was 
about 15 minutes, which was usually sufficient to 
achieve equilibrium in the alloy. Longer times were 
occasionally necessary for establishing equilibrium in 
the two-phase alloys. 

It is obvious that the emf values obtained in this 
investigation and presented in Table 1 cannot be 
considered of high accuracy. The uncertainty increased 
with the Ag -O.l mV in the 


Al-rich alloys, about +-1 mV in the intermediate phase, 


content, being about 


and somewhat higher in the Ag-rich alloys. 


3. EXPERIMENTAL RESULTS 
3.1. Data and Method of Computation 


The activity of aluminum, a,,, was obtained from 
the standard relationship 


3F 

na — (1) 
R1 

S20°K. 


Fig. 2 shows the values at The activity of 


silver, a,,, was derived by evaluating the activity 
coefficient, f,,, using the Gibbs-Duhem equation in 


the form 
In fis) 


In fy, 
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AND 
The relative integral molar free energy, F™”, was 


computed from the excess integral molar free energy, 


F E 


vag “Ag 


“TAg 


FF 


In f 
It was thus necessary to know the quantity —"~ up 
to 100 per cent Ag. The extrapolation employed at 
the 


For the other two temperatures 


820°K is shown by the solid line in Fig. 3 at 


high Ag contents. 
similar curves were drawn, but the experimental 
values for the alloy richest in Ag (0.947 Ag) had to be 
discarded because they were quite uncertain and did 
not fall in line with the other data. 

Al and Ag both have face-centered cubic structure. 
Hence, the two terminal FCC regions can be joined by 
a metastable FCC region. Some interesting infor- 
mation concerning the metastable FCC alloys can be 
obtained from Fig. 3 by extending the curves for the 
stable Al-rich and Ag-rich FCC alloys into a smooth 
curve. This extension cannot be drawn arbitrarily 
because the excess free energy, according to equation 
(3), is obtained by integrating the area under the curve 
in Fig.3 tox,, =1. The result for Al-rich compositions 
must be the same whether the experimental stable 
the 


intermediate 


metastable extension is used in the 


The 


therefore be equal, and the course of the extension can 


curve or 


region. two shaded areas must 


be predicted fairly well. The thermodynamic quanti- 
ties for metastable FCC alloys have been evaluated in 
this way. 

The relative integral molar entropy, S“, was com- 


M 


puted from the change of F” with temperature, 


r+ 
Gta 


Stable Alloys 
——-=- Metastable FCC Alloys 


-—— vs XAg at 820°K for 
X Ag” 


-Ag solid solutions. 


COHEN: 


SOLID ALUMINUM-SILVER ALLOYS 

The 
values in Fig. 4 were obtained from the two highe 
Slightly different 


values were derived from the two lower temperatures 


assuming S™ to be independent of temperature 


Su 


temperatures (820 and 722°K) 
(722 and 642°K). Because of the low solubility at the 
lower temperatures in the Al-rich FCC region, S™” 
could here be obtained only for the alloy richest in Al 
Therefore, the S” curve in Fig. 4 is to be regarded as 
tentative both for the other Al-rich alloys as well as for 
the metastable region. Fig. 4 also shows F™ at 820°K 
and the relative integral molar enthalpy, H”, com 
puted from F™” and S“. The F™ values are considered 
fairly accurate, but the S” and H™ values are more 
uncertain, mainly because of the experimental erro 
in the emf data for the Ag-rich alloys 

However, the values for H™ and S” obtained in this 
investigation are the heat 


supported by specific 


measurements of Hirano and Takagi‘) on Al-rich 


alloys. The specific heat determinations were cor- 
rected (by means of the present data for the ¢ phase 
for the entropy and enthalpy content of the € phase 
The 


curves in Fig. 4 show the corrected results: 


present in their starting specimens dotted 


the agree- 


ment between the two sets of data is excellent up to 


2. 0.2. Beyond this composition, the H™ and 
gM 


values based on the specific heat measurements 
undergo a sharp increase which has been interpreted 


in terms of Brillouin zone effects. If this increase is 


real (and it could have been missed in the present 


work because the allovs were not as closely spat ed as 
those studied by Hirano and Takagi'®’) 
extrapolations used for the metastable FCC alloy 


somewhat in erro! 


Metastabie 
FCC 


. 4. Relative thermodynamic q 
in Al-Ag alloys at 820°K 
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Prope rtie of Face -centere d ( ‘ubic Phase 

Activity and enthalpy. The ay, curve (Fig. 2) shows 
a positive deviation from Raoult’s law on the Al-rich 
side and a negative deviation on the Ag-rich side. A 
similar kind of activity has been found for 


liquid Al-Ag alloys.“ 


The enthalpy curve (Fig. 


curve 


+) also shows a positive 
deviation from ideality on the Al-rich 
Ag-rich side. 


this has not been found experimentally for any other 


side and a 


negative deviation on the Apparently, 
System, but it has been predicted by Meijering™ for 
the Al-Ag, Al-Cu, and Ag-Pt systems. 

Entropy. The relative integral entropy was found 
to be much higher than ideal. A high excess entropy 
has been usually associated with solutions in which 
the component atoms differ appreciably in size, as in 
the Au-Ni system.) 


data indicate that there is no size difference between 


However, the diffuse X-ray 


Al and Ag atoms in solution, and a similar situation 
New 
introduced as a consequence of the 
the 
solid 


mation is not well understood at present. 


prevails in the Al-Zn system.) vibrational 


modes may be 


large difference in masses between constituent 


atoms: however, this feature of solution for- 


4. DISCUSSION 


ti. Tre rmodynamic and X-ray Data 


Two approaches are usually taken in relating the 
thermodynamic properties to local atomic arrange- 


ments in solid solutions. The first is the quasi- 


chemical type which describes the internal energy of 


the solution terms of bond energies 


(E 44 


these bond energies. 


entirely in 
4p) without considering the origin of 
The pertinent variable is the 

E ap 4 


which is usually assumed to be independent of tem- 


interaction energy, E pp): 


perature and composition. Complications due to 
different atomic sizes are avoided in both the Al-Ag 
and Al-Zn solutions since the diffuse X-ray scattering 
shows that the atoms have the same size in solution." 
Friedel and Varley,“* 


attempts to predict the properties of the solution from 


The second approach, 


data on the pure components. 
the 
chemical theory expresses the number of unlike bonds, 


Considering only nearest neighbors, quasi- 


P ,,, in terms of the interaction energy: 


(x ,ZN 


HM 


and 
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where: x , mol fraction of component A 

Z number of nearest neighbors 
temperature 

N 0 

H™ 


Avogadro’s number 


relative molar enthalpy 


Equations (4) and (5) show that positive values of 

v/kT indicate a positive relative enthalpy and cluster- 

the (P plz < 1), 

whereas negative values of »/k7' denote a negative 


ing in solid solution 


relative and short order 


enthalpy 

ib U 4X I). 
X-ray results for the Al-rich FCC solutions in the 
Al-Ag system demonstrate that these solutions are 


range 


clustered, ®) and this correlates with the positive 
enthalpy values found in the present investigation. 
The quantitative agreement, however, is not impres- 
sive. The X-ray measurement for alloy x,, 0.10 
at S13°K®) v/kT 
equation (4), whereas the enthalpy data determined 


gives a value of 0.6, using 
here correspond to a value of »/kT' O.1. 

For Ag-rich FCC alloys, the thermodynamic data 
4) indicate negative values for H™, 
This 


X-ray scattering measurements on these alloys. 


(Fig. implying 
diffuse 


(14) 


short-range order. was confirmed by 
The quantitative agreement is only fair, however; for 
he the X-ray 
v/kT 0.4, whereas at 820°K the thermodynamic 
data vield »/kT 0.1 for the same alloy. At 
rate, both the X-ray and thermodynamic observations 


x 0.815 at 733 method gives 


any 
indicate a value of y > 0 in FCC Al-rich alloys and a 


0 in FCC Ag-rich alloys. 


It is not surprising that the values of v/k7' do not 


value of » - 


well when derived from X-ray vs. thermo- 


that 


agree 


dynamic sources. It is assumed either y is 


independent of composition or #,,, alone varies 


with composition. Rudman“ has pointed out, 


however, that equation (5) should be corrected to 


include the variation in #,, and Ep, with com- 


position in the form: 


H* P 43 (E44 E44) 


tp(E — (6) 


where EL , , refers to the bond energy in pure A. It 


is then possible to obtain good agreement between the 


thermodynamic and X-ray findings by assuming 
E ,4) and (Epp Ep), but at 


the expense of introducing two new arbitrary vari- 


values of (E , , 


ables. 

Friedel’s theory’ predicts clustering and a negative 
second derivative of H™ with composition when the 
solvent has higher valence than the solute (e.g., at the 
Al-rich side of Al-Ag), but an ordering tendency and 


34 

=e 

> 2 

(P 4p) 

P P 4B) 
exp (—2r/kT) (4) 


HILLERT, AVERBACH, anv COHEN: 
a positive second derivative of H™ when the solvent 
has lower valency than the solute (e.g., at the Ag-rich 
side of Al-Ag). 
X-ray 


support to this concept. 


Thus, the thermodynamic and the 
the Al-Ag lend 


However, the theory does 


measurements on system 


not describe a solid solution in terms of nearest- 


neighbor bonds, and therefore it does not relate the 
X-ray 


equations (4) and (5). Furthermore, it deals only with 


thermodynamic and results by means of 
the sign of the second derivative of H™, not with the 
sign of H™ itself. Accurate H™ data are needed for a 
critical test. 

Friedel’s theory is also consistent with the results on 
FCC Al-Zn alloys, since a clustering tendency and a 
negative second derivative of H™ on the Al-rich side 
of the Al-Zn system have been found. The Zn-rich 
side of the system cannot be investigated in detail, 
due to the presence of the intermediate two-phase 
region, but the fact that the peak of the miscibility 
gap lies on the Al-rich side of the diagram indicates 
that the clustering tendency, if any, may be smaller 
on the Zn-rich side. 

The thermodynamic properties of the hypothetical 
transformation Zn (HCP) — Zn (FCC) were estimated 
from the measured thermodynamic data of the Al-Zn 
500 R 


alloys’ and the phase diagram, giving AH 
and AS 
approximate the relative thermodynamic properties of 
metastable FCC Al-Zn alloys in the Zn-rich region. 


These alloys show a positive second derivative of 


0.5 R. From these values, it is possible to 


H™ vs. x,,, in agreement with Friedel’s theory. 


Varley’s treatment"® is not applicable to the 


Al-Zn Al-Ag alloys. 


tribution to the enthalpy in this theory arises from the 


and The only positive con- 
strain energy associated with the presence of atoms of 
different Hence, it for the 
X-ray and thermodynamic data in these systems, 


sizes. does not account 


since the solute and solvent atoms have the same 


sizes in solution. 


4.2. Early Stages of Age-hardening 


The variation of »v with composition may provide 
an interesting picture of the early stages in age- 
hardening. Fig. 5 shows a free energy diagram for 
FCC Al-Ag alloys at 373°K. It has been constructed 
from the enthalpy and entropy data determined at 
820°K, assuming these quantities to be independent of 
temperature. Consider an alloy of composition 
0.10 quenched from a high temperature to 


It is then within a miscibility gap and there 


373°K. 
is a tendency for the formation of Ag-rich clusters. 
If the strain and surface energy are assumed to be 


) ALUMINUM-SILVER 


independent ol composition the most favorable com 
position for a cluster is found at the point which has a 
tangent with the same slope as the tangent through 
This 


cipitate for which there is the largest decrease in 


the point Lag 0.10.4 represents the pre 


volume free energy, and this composition is about 


S,. 0.65, according to Fig. 5. It is thus to be 
expected that clusters of high Ag content are formed 
These clusters might be 
identical calls GP 


Although v is positive for the matrix with low Ag 


in the age-hardening alloy 


with what Hardy zones 


content, it is negative at the composition of th« 


clusters. Accordingly, there is a tendency for ordering 
the 


identified with the next stage in the age-hardening 


within clusters. Such ordered clusters may be 


of Al-Ag alloys, called GP zones [2] by Hardy 


5. SUMMARY 


The thermodynamic data determined here ind 
FCC Al-rich allo 


Ag-rich alloys in th 


positive values of H™ in 


negative values in FCC 
These results are consistent with the « 


Al ric h and Ag-ri 


solutions respectively, as observed by X-ray met] 


system 


ing and short-range order in the 


Both Friedel’s theory and the quasi-chemical ; 
apply qualitatively, but neither theory is 
quantitatively. 

The thermodynamic activities show positive devia 


Al-rich 


negative deviations in the Ag-rich alloys 


alloys, and 
All of 


solid phases examined in this system exhibit large 


tions from Raoult’s law in the 


the 
excess entropies of mixing, despite the similarity in 
Possibly new vibrational 


of the 


size of the component atoms 


modes are introduced because difference in 


atomic masses. 
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CALORIMETRIC STUDY OF THE AUSTENITE : PEARLITE TRANSFORMATION?* 


W. C. HAGELT, G. M. POUND}, and R. F. MEHL 


A high temperature, continuously recording, constant heat-flow calorimeter wa 


specific heats of austenite and pearlite in eutectoid plain carbon and alloy steels ai 
pearlite-austenite transformation as a function of alloy content. The 
estimated to be 5) per cent. 

The specific heats of austenite and pearlite of eutectoid composition ar 


The addition of 0.80 per cent carbon causes an increase in specific heat 


additions of manganese, molybdenum, or cobalt, and variation of pearlit 
effect on specific heat. 

The enthalpy of the austenite : pearlite transformation for a plain carbon « 
be 19.6 cal gm~—! at the eutectoid temperature ol 727° 


27 his is in good agreement 


cal gm~—! calculated from the thermodynamic tables of Darken and co-workers. Ad 
(1.85 per cent) or molybdenum (0.51 per cent) lower the enthalpy « 


transtormat 
cobalt (1.91 per cent) increases it to 23 cal gm~}. 

The free energy of the transformation was calculated from the calorimetric 
change is decreased by manganese and molybdenum and increased by cobalt. The 


elements is in accord with Zener’s prediction, and is of some consequence in the theo 


ETUDE CALORIMETRIQUE DE LA TRANSFORMATION AUSTENITI 
Un calorimétre pour hautes températures a enregistrement continu a été utilisé pour 
chaleur spécifique de austenite et de la perlite dans les aciers eutectoide et alliés 


l’enthalpie de la transformation perlite-austenite en fonction de la composition 

méthode est estimée a : . La chaleur spécifique de l’austenite et de la perlite a leut 1 
entre 400 et 850°. L’addition de 0,8 de carbone accroit la chaleur speciique dau ter pul By 
tions de manganése, de molybdéne, de cobalt ou des variations dans la périodicité cd: 
aucun effet appréciable sur la chaleur spécifique. L’enthalpie de la transformation austenit 
un acier eutectoide au carbone est de 19,6 cal g~-! a la température le de 727 


eutectoide ie 


accord avec la valeur de 20,0 cal g-! calculée a partir des tables de Darken et 


L’addition de manganése (1,85°) ou de molybdéne (0,51°,) abaisse l’enthalpie de la tra 


cal celle de cobalt (1,91%) laugmente a 23 cal 
L énergie libre de la transtormation a ete calcul ea partir ce S mesures calorime 
ment de l’énergie libre est dimintié par le manganése et le molybdéne et accru par | 


éléments d’addition est conforme aux previsions de Zener et est important pour | 
de la perlite. 


KALORIMETRISCHE UNTERSUCHUNGEN AUSTENITT 
Zur Messung der spezifischen Warmen von Austenit und Perlit in ¢ 
in legierten Stahlen, sowie zur Bestimmung der Enthalpie der Perlit-Auster 


keit vom Legierungsgehalt wurde ein Hochtemperaturkalorimeter mit 


richtung und konstantem Warmefliuss herangezogen. Die Genauigkeit der Met 
welse 52 


Die spezifischen Warmen des Austenits und des Perlits bei der eutektoiden 


fiir einen Temperaturbereich von 400 bis 850°C angegeben. Bezogen a 


Zugabe von 0,8%, Kohlenstoff eine Erh6hung der spezifischen Warme 


Molybdan oder Kobalt und eine Veranderung des Lamellenabstandes 


lichen Einfluss auf die spezifische Warme. 
Bei der Temperatur des Eutektoids von 727°C hat die Enthalpie de 
eines reinen Kohlenstoffstahles einen Wert von 19,6 cal gm * Der Wert z« 


dem aus den thermodynamischen Tabellen von Darken und Mitarbeiter 
gm-!, Zusatze von Mangan (1,85%,) oder Moybdan (0,51°,) erniedrigen di 


auf 18 cal gm~!, wahrend Kobalt sie auf 23 cal gm 
Aus den kalorimetrischen Werten wurde die freie Energie der Umwandl 


der freien Energie bei der Umwandlung wird durch Mangan und Molybdar 


erhéht. Der Einfluss dieser Legierungselemente ist in Ubereinstimmung mit de 


und hat gewisse Auswirkungen auf die Theorie des Perlitwachstums. 


* Received 21 April, 1955. This paper is from part of a + Materials 
thesis presented by W. C. Hagel to The Committee on Graduate Company, Schenectady, 
Studies of the Carnegie Institute of Technology, Pittsburgh, of Metallurgical Engi 
Penn., in partial fulfillment of the requirements for the degree nology, Pittsburg, P 
of Doctor of Philosophy in Metallurgical Engineering, June Departme: 
1954. Institute of 
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1. INTRODUCTION 


Thermodynamic information on alloy systems is of 


obvious general importance. It is of especial import- 
ance to metal systems that exhibit transformation in 
the solid state, for, whatever the mechanisms of these 
transformations, thermodynamic data must be in- 
volved in theory. In the case of the austenite : pearlite 
transformation, for example, a transformation which, 
in either direction, proceeds by a nucleation and growth 
process, the free-energy change is currently an essential 
part of the theory of the rate of nucleation and of the 
crowth. 


rate of These matters have recently been 


extensively reviewed for this particular transfor- 


mation.) 

The present paper reports an experimental attempt 
to measure the free-energy changes accompanying the 
: pearlite transformation, for a simple-carbon 


austenite 
eutectoid steel and for Mn-, and Co-eutectoid 
steels. 

2. EXPERIMENTAL METHOD 
2.1. Principle of Constant Heat-flow Calorimeter 


A constant heat-flow calorimeter similar to that 


described by C. S. Smith® was used to obtain the 
specific heats of austenite and pearlite and the latent 
heat of the transformation. The basic technique con- 
sists of surrounding the metal specimen with a 
refractory container of low thermal conductivity and 
placing the assembly in a furnace, the temperature of 
which is maintained at a constant level above the 
specimen temperature. The specimen temperature is 
measured by a thermocouple extending to the speci- 
men's interior; for the determination of specific heat, 
a differential thermocouple with junctions inside and 
outside the container is used to control the furnace 
temperature. In this manner a constant temperature- 
difference is maintained across the container walls. 
Heat-flow through the refractory is then constant at a 
given temperature, since thermal conductivity of 
refractory remains constant; the heat gained by the 
specimen in a given time-interval is also constant. 
Therefore, the time taken to increase the specimen 
temperature a given interval is proportional to the 
heat absorbed. In practice, heat-flow varies slightly 
with temperature owing to changes in refractory 
thermal conductivity and e.m-f. difference of opposed 
thermocouples, but the variation can be determined by 
use of a specimen of known specific heat to give 
reproducible results. 

The steady-state transmission of heat by conduction 
through the container walls can be expressed by the 
Fourier relationship 


q k S,A ‘i ( 1) 
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where heat-flow, 


thermal conductivity of container, 
container-shape factor, 
AT = temperature difference between inner 


and outer surfaces. 


For a given calibrated container, AK and Sp are 


constant, and AT’ is held constant experimentally. 
The resulting constant heat-flow serves to supply 


specimen specific heat, heat of transformation, and 


the specific heat of part of the container as follows 

qAt, = C,W,AT, W,AH, + CrpWRAT, (2) 
AT, 
AH, 


where temperature change in time Af,, 


enthalpy of transformation 
occurring within AT’, 
C, ana Cs. specific heats of specimen and 
1 R 
container, 
W,and Wp masses of specimen and container. 
When the container is empty, equation (2) reduces to 


qgAtp = CpW PAT pz. (3) 


If experiments are made with specimens of the same 
dimensions but of different weights and specific heats, 
omitting any heats of transformation, equations (2) 
and (3) can be combined as follows 

CW, 
At At At At 
AT/, R lar R 


At At 


At At 
| AT | R 


The quantities are the slopes of time- 


temperature heating curves for the empty container 
(subscript A), the calibration specimen (subscript 2), 
If the 


specific heat of the calibration specimen is known over 


and the specimen under study (subscript 1). 


a wide range, then the specific heat of the specimen 
under study can be determined at any temperature 
within that range. 

When a heat of transformation is absorbed at a 
single temperature or within a very small temperature 
interval, it can be given by the equation 

qAt' = AH,W, (5) 


where At’ — arrest time when A7' — 0. 


\ 
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AND 


Combination with the expression for the calibration 


specimen gives 


AH,W, 


( 


At 
a R 


Whenever a transformation occurs over a temperature 
range, its heat will appear as apparent specific heat, 
and a graphical integration is required for a complete 
solution. 


2.2. Furnace Assembly 


A diagram of the interior arrangement of specimen 
within the wire-wound furnace is presented as Fig. 1, 


and Fig. 2 shows the same parts photographed in a 


dismantled condition. The Nichrome-wire furnace is 
constructed by winding 20-gauge wire around a 1.5- 
foot collapsible mandrel. End losses are compensated 
by spacing turns more closely near the ends and using 
an excess of insulation. By taking temperature read- 
ings at 0.5-inch intervals within the furnace throughout 
the range of operation (400 to 850°C), it is eventually 
possible to arrive at a winding spacing which gives a 


6-inch uniform heating zone completely surrounding 


INSULATION BRICK 
AND LAGGING 


DIFFERENTIAL ™ 
COUPLE TO 
CONTROLLER 


SAUEREISEN 


ALUNDUM 


SPECIMEN 


TOTAL LENGTH 
OF NICHROME 
FURNACE 
WINDINGS = 


UNIFORM HEATING 
ZONE = 6" 


THE RMOCOUPLE 
LEADS TO COLD 
JUNCTION AND 
POTENTIOMETER 
INERT GAS FLOW 


Fic. 1. Interior arrangement of apparatus for 
measuring specific and latent heats. 
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dismantied 


the container. The life of a well-constructed furnace 


is about thirty heating and 


cooling cycles 


The specimen has a diameter of 0.688 in., is 1.562 


long, and weighs about 70 to 80 g, depending 


material density. To give the same emissivity to th 


calibration specimens as the steel specimens 
specimen surfaces are rough-machined and ¢ 


The containet 


hand from 


coated with colloidal graphite 
wall 0.625 in. thick, is shaped by 
Armstrong LW-20 insulating brick. Careful 
makes it possible to replace the specimen, Col 
and furnace in the same position over mal 
cycles. 

The specimen thermocouple, encased in thin ceramic 


tubing, is led up through the pedestal base to the 


center of the specimen. The differential thermocouple 
is positioned near the mid-portion of the container, and 
its leads are brought out the top ol the furnace 

Prior to calorimeter operation, the specimen is 
placed on the pedestal, the container is posit ioned over 
the specimen, and the furnace is centered around the 
junction. An insulating cap is placed directly above 
the container, through which the differential thermo- 


couple wires lead to the controller. The specimen 
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thermocouple remains intact until another container 
and pedestal must be used. Return of parts to their 
positions of original calibration is accomplished by 
means of fiducial markings, so that specimens can be 
inserted and removed with a minimum of disturbance 
to calibrated surroundings. Inert gas-flow is main- 
tained under slight pressure from the center of the 
pedestal to the semi-sealed insulating cap. A large 
amount of lagging is placed around the furnace; 
though furnace interior approached 900°C, the exterior 
of the lagging is at room temperature. 

The thermocouples used for temperature measure- 
ment and furnace control were made from 28-gauge 
chromel P-alumel wires, and calibrated by standard 
methods. It appeared that these thermocouples were 
accurate to 0.5°C. 


2.3. The Electrical System 


A Brown electronic two-second stripchart potentio- 
meter is used to record time-temperature curves for 
slope determinations. For most experiments, a chart 
speed of 240 in. per hour, a span of 1.6 millivolts, and 
suppressions in steps of 1.60 millivolts are used. 
Since its 12-inch chart is evenly graduated from 0 to 
100, a temperature calibration must be made against a 
potentiometer for millivoltage-temperature conversion 
of chart readings. 

Satisfactory control of temperature difference is 
obtained by use of a Brown differential recording 
controller combined with an electronic position- 
proportioning relay with automatic reset. The circular 
chart is evenly graduated from 0 to 100°C in tempera- 
ture difference, and makes one revolution every four 
hours, which is approximately the time required for 
recording one thermal curve. Differential temperature 
actuation is from chromel P-alumel thermocouple 
junctions positioned inside and outside the refractory 
Most 


temperature differences of 30 to 50°C, and maximum 


container. experiments are conducted at 
variation for short times from control temperature is of 
the order of +-0.2°C. 


2.4. Gas Purification 


To prevent specimen oxidation and decarburization, 
a purified nitrogen gas atmosphere is maintained 
within the calorimeter at a pressure slightly greater 
than atmospheric. The gas is passed through a drying 
tower containing calcium chloride, and then over 
copper chips heated at 600°C, to the pedestal from 
which it rises out through the top of the furnace. 
Microscopic examination of specimen surface showed 


no evidence of decarburization or oxidation. 
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2.5. Specimen Preparation 

Simple carbon and alloy eutectoid steels were 
received from Vanadium-Alloy Steel Company in the 
form of annealed l-inch round bars. These materials 
were cast as 3-inch square ingots weighing about 30 Ib. 
The ingots were annealed at 900°C, hammer-cogged to 
1.75-inch square billets from 1120°C, rolled to 1l-inch 
rounds from 1040°C, and annealed at 900°C for twenty 
hours to minimize banding. The chemical analyses of 


heats found suitable for use are as follows: 


We ight per cent 
P Mo 
0.016 0.011 
0.011 0.020 
0.005 0.005 
0.014 0.005 1.91 


( ‘omposition 


0.9? 


Additional heat treatment, microscopic examination, 
and thermal analyses have shown these steels to be 
very close to eutectoid composition. The presence of 

the 
take 


place over a narrow temperature range. The isothermal 


ferrite or cementite is not observed outside 


eutectoid structure, and temperature arrests 
transformation techniques used to obtain suitable 
interlamellar spacings for these steels have long been 
standard procedure. 

The oil-quenched 0.75-inch rounds were further 
machined to calorimeter specimen size, and a 0.25-inch 
endpiece was removed for metallographic examination 
and interlamellar spacing determination. Any traces 
of decarburization were removed by this machining 
operation. All the metallographic specimens were 
electropolished and given a light Nital etch. The pro- 
cedure developed by Pellissier et al. for determining 
interlamellar spacing was modified to avoid needless 
photography, and readings were made directly with 
a stage microscope at 850 diameters. Considering 
possible errors, these interlamellar spacing measure- 


ments are probably accurate from —5.0 to 10.0 


per cent. The photomicrographs in Figs. 3 and 4 show 


the appearance of pearlites in the various eutectoid 
steels, and their spacing variation from coarse to fine 


structures. 


2.6. Operational Procedure 

The description which follows will outline the steps 
which must be taken to determine the specific and 
transformational heats of one steel specimen. A com- 
plete measurement cycle consists of first heating the 
furnace assembly to about 500°C to remove moisture 
held by the insulation brick. Time-temperature curves 
are then obtained (1) without a specimen in the 
apparatus, (2) with a copper calibration specimen, 
and (3) with the steel specimen under investigation. 


Cc Si Mn 

0.80 0.22 0.27 

0.79 0.22 L.85 

0.79 0.19 0.12 

0.79 | 0.12 
4 
ne 
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3. Photomicrographs of iron-carbon euté 


The rate of heating can be varied by changing con- 
tainer-wall thickness, container material, or tempera- 
ture difference between the inside and outside of the 
container. Heating too rapidly is avoided in order to 
obtain a constant temperature of transformation, but 
too slow a rate causes spheroidization of the pearlite 
and decreases the sharpness of the transformation. 
In order to employ specimens of known interlamellar 
spacings, all reported measurements were made on a 


heating cycle. 
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e-C Spec. No. 8. 2500 A 


ctoid steel electropolished 1500 nital ete 


‘ 


Determination of Thermal Values from 
Calorimetric Data 


} 


Referring to equations (4) and (6), Kelley" reports 


that the specific heat of solid copper can be expressed 
10-* 2.36 67 


The masses W, and W, of the steel and 


as UC, 8.52 calories 


calibration specimens were weighed on an analytical 


At At At 


balance. The ratios | 


11 
EEE 
J fe ZZ 
LZ 
(i) Fe-C Spee. No. 79, 19,000 A li) Fe-C Spec. No. 22, 12,000 A 
= 
(iii) Fe-C Spee. No. 6, 4440 A QV) 


TEMPERATURE 


PEARLITE 


= 
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(i) Fe-C-Co Spec. No. 33, 11,000 A 


iii) Fe-C-Mo Spec. No. 70, 10,000 A 


Fic. 4. Photomicrographs of 


T 
<y. AUSTENITE 


Fic. 


5. 


Time 
Schematic representation of a 
temperature arrest. 


i) Fe-C-Co Spec. No. 29, 3600 A 


WY ini) 
: 


(iv) Fe-C-Mn Spec. No. 42, 3300 A 


alloy eutectoid steels electro-polished 1500 nital etch 


the slopes at any given temperature of time-tempera- 
ture curves obtained on heating the steel specimen, 
the calibration specimen, and the empty container. 
The arrest time At’ is measured as the time-interval 
intercepted by the minimum arrest temperature 
through the thermal curve of pearlite and the extended 
thermal curve of austenite. To illustrate this, a 
schematic representation of an arrest is given in Fig. 5 
Fig. 6 is a photograph of the thermal curve for an 
empty container, and Fig. 7 shows the beginning of an 
arrest for pearlite-austenite transformation. 
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Section of recorder time-temperature 
chart for a blank run. 


3. EXPERIMENTAL RESULTS 


3.1. Specific Heats 

Fig. 8 is an example of an inverse heating curve for 
a steel specimen of mean interlamellar spacing equal to 
4400 A. One can see how the heating curve for pearlite 
increases prior to a transformation in accord with the 
increasing specific heat of the ferrite as it approaches 
its ferromagnetic transformation at 760°C. The arrest 
time for this steel is 1030 seconds at a temperature of 
737°C. A heating rate of approximately 3°C minute~! 
was obtained by a differential-controller temperature 
difference of 45°C. Based on equation (4), a sample 
specific heat calculation for a specimen (number 6) at 
510°C is as follows: 

83.7837 (83.5 28.0) 


0.1036 
72.4320 (68.0 — 28.0) 


0.166 calories gram~! °C 


The calculation of about twenty specific heat curves 


for plain-carbon and low-alloy eutectoid steels was 


averaged to give the pearlite and austenite specific 
heats plotted in Fig. 9. Within the error of the calori- 
meter (-+-5 per cent, as established by a specific heat 
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Fic. 9. 
for plain-carbon and low-alloy eutectoid steels. (Best curves for 


all points of present work. Maximum deviation 5 per cent). 


determination on pure nickel), variation in inter- 


lamellar spacing and low alloy content appears to 


cause no significant deviation from these average 


curves. The line connecting the pearlite specific heat 


curve to the austenite specific heat curve was not 


drawn for this average curve, since different trans- 


TABLE 1. 
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formation temperatures were observed for specimens 
of various spacings and alloy content. Comparison of 
the present data for steels with the specific heat of 


pure iron, as compiled by Darken and R. P. Smith,” 


shows that a carbon content of 0.80 per cent does 


slightly increase specific heat, as. first observed by 


presence of manganese, molybdenum, or cobalt on the 
specific heat. This might be expected, in view of the 
similarity in thermal properties of the latter elements 
to pure iron. Any heat effects caused by alloy par- 
titioning were not observed. The present specific-heat 
data for plain-carbon eutectoid steel are in fair agree- 
ment with the results of Awbery and Snow” and Esser 
that 


specific-heat data are somewhat lower at temperatures 


and Baerlecken,‘® except the new pearlite 


(700-730°C) just preceding the transformation. 


3.2. Enthalpies of Transformation 
Table 1 gives the experimental results. All values 


refer to one gram of material. Asan aidin explanation, 


Experimental results 


Swe 


~1 


on 


44 
0 3000} 
|... Esser and Baerlecken.‘® Little effect is caused by the 
| 
0.1500} 
No. \ + eal go! eal cal go! <tr 
L0-%em? 4 
4 
Fe—( 57 — 18.0 735.9 18.2 19.1 18.9 19° 
8 735.8 18.1 19.0 19.2 
63 4 73 19.3 
12 4a 19.3 
7 73 19.3 
13 73 19.3 
4 73 19.3 
6 73 19.3 
68 73 19.4 
4. 73 19.4 
16 3. 739.4 18.4 19. 19.4 
19 3. 738.6 18.5 19. 19.4 
21 l 2. 740.8 18.5 19.9 19.5 
22 l 2. 740.7 18.4 ] 
79 ] i | 741.6 17.8 ] 
( Vin 42 5 722.8 16.8 
38 4.2 720.8 17.1 l 
‘ $5 723.4 17.4 
$4 6.3 723.8 17.0 l 
16 5.0 725.6 16.8 l 
74 4.5 725.5 |= = 
be ( Mo 71 4.8 734.4 16.8 17.2 17.5 
56 4.4 737.8 16.9 17.6 17.5 
73 3.9 738.2 16.9 17.6 17.5 
66 3.5 741.0 16.8 17.8 17.5 
67 { 2.7 742.7 16.6 17.8 17.6 
70 { 2.6 740.6 16.2 17.3 17.6 
Fe ( Co 29 7.1 745.4 21.4 22.6 22.6 
32 6.8 748.0 20.8 22.3 22.6 
35 6.5 747.4 21.5 22.9 22.7 
34 4.5 748.4 21.4 22.9 22.7 
27 3.6 748.7 21.2 22.8 22.8 
30 3.3 749.8 20.8 22.5 22.8 
33 ] 2.2 748.8 20.9 22.5 22.8 
64 ll = 2.2 749.5 21.5 23.2 22.8 
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the formulae used will be described, and a sample 
calculation will be carried out for iron-carbon specimen 
number 6. Referring to Table 1. ferrite-cementite 
interfacial area 


2V 
A 


where volume of 1 gram of steel 
density of eutectoid steel 


mean interlamellar spacing 


10+3 em?2, 


This expression assumes flat, regular surfaces similar 
to those seen in Fig. 3 for specimen number 79. 

The transformation temperature 7’, is reported as 
the the 
minimum portion of an arrest. The enthalpy of 


average of several readings made during 


pearlite-austenite transformation AH, at the arrest 


temperature is calculated from equation (6): 


Wo, At’ 
W. At At 


24.39 


(61.4 


AH 


> 


LO30 
0.1091 


26.7)/0.200 


18.3 cal 


AH, is the enthalpy change accompanying the 

transformation of austenite to pearlite at the eutectoid 

bal ° 


from AH,,, by graphical integration, according to the 
/ 


temperature 7’, This quantity is obtained 


standard formula 
°T 
AH; AH» (Pp) CUp(y)| dT. 


0 
The enthalpies of transformation, AH, , at the bulk 
equilibrium temperature, 7’), for each steel* can then 
be plotted as a function of ferrite-cementite inter- 
facial area A. The best straight lines through the data 
in Fig. 10 were determined by the method of least- 
squares, and the ordinate intercept at A = 0 is the 
enthalpy of transformation, AH ,, when no interfaces 
are present. Thus, the bulk enthalpy of the pearlite- 
austenite transformation for a plain-carbon eutectoid 
steel equals 19.6 cal gram~! at 7’, (727°C). This is in 
good agreement with the value of 20.0 calculated from 


* The best values for bulk equilibrium temperature were 


taken from standard sources as 727°C for iron-carbon eutectoid, 
715°C when 1.85 per cent Mn is present, 731°C when 0.51 per 
cent Mo is present, and 735°C when 1.91 per cent Co is present 
Actually, this temperature for the alloy steels represents the 
mean of a small temperature-range of transformation. 
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the data of Darken and co-workers, as noted pre- 


viously.“’ Also, this result is in reasonable agreement 
with a value of 19.3 cal gram~ obtained in a quenching 
experiment by Esser and Grass‘*) for a 0.82 per cent 
carbon steel at 723°C. However, Awbery and Snow 

heated 0.80 per cent carbon steel specimens at a rate 
of 3°C I 


formation of 10.3 cal gram 


min and obtained an enthalpy of trans- 


at 730°C. 
Additions of manganese or molybdenum lower AH ,, 
to 18 cal ' and cobalt increases AH ,, to 23 


It is believed that the precision of the 


oram 
cal gram~!. 
present method | 5 per cent) 1s suincient to pret lude 
any doubt as to the order of these enthalpy values 
Referring to Table 1, AH, “ is the enthalpy change 
read from the curve of Fig. 10 

From Fig. 10 it is seen that there is a slight decreas« 
of enthalpy of transformation AH, with increase in 
ferrite-cementite interfacial area amounting to about 
» per cent in the present range of int rlamellar spar 


(1400-19,000 A) 


would be expected if one assumed a ferrite 


about the decrease 


This is 
interfacial energy ol the order of 10° ergs/em?. 


However, the estimated precision (--5 per cent) of the 
present work is believed not sufficient to demonstrate 
unequivocally any effect of capillarity Recent refine 


ments of the calorimetric technique should 
possible certain detection of any appre iable 


effect 


facial energy 


and estimation of the ferrite-cement 


a report on this work will short 
forthcoming. 


From the measured specile heats and enthalpy ol 


the pearlite-austenite transformation and the equili 


brium temperature 7',, the free-energy change can be 
calculated as a function of temperature by standard 


methods using the formula 
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AH d(i/T 
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change of austenite-pearlite trans- 


and alloy 


Free-energ\ 
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Fie. ll. 
formation 
eutectoid steels. 


versus for plain-carbon 


(bulk) 
Co (bulk, 1.91 per cent Co) 
Mn (bulk, 1.85 per cent Mn) 
Mo (bulk, 0.51 per cent Mo) 


The results for representative specimens are plotted in 
Fig. 11. The values for the alloy steels represent the 
bulk free-energy changes for the formation of pearlite 
isothermal transformations under the 
given in the 


Thus, although the degree of alloy par- 


obtained by 


conditions section on Experimental 


Method. 
titioning is unknown, the results are definite for these 
specific pearlites. 

The free-energy change is increased by Co (1.91 per 
cent Co) and decreased by Mn (1.85 per cent Mn) and 
by Mo (0.51 per cent Mo). 


(10) 


This is in accord with 
Zener’s prediction. 
the bulk free-energy change for the pearlite reaction 
must be expended in providing the energy for the 
ferrite-cementite interface, and the rest dissipated by 


the accompanying diffusional processes; on this basis 


it is the latter half that would be obtained from calori- 
metric measurements on fine pearlites. Assuming all 
this, then there is more free energy available for the 
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ferrite : cementite interface in Co-steels than in the 
others, and accordingly the interlamellar spacing in 
Co-steels should be less and the rate of growth more 
This 


relationship as derived should be one of simple pro- 


than in the other steels, as is indeed the case. 


portionality, but there is no simple proportionality 
between the interlamellar spacing and the rate of 
growth," and accordingly the principle proposed 


remains but a qualitative one.“ 
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RIECK? 


nade of W ery 


1 With small ai 


mentation occurred 


ssponds with the nor 
between the 


ive been stret 


assume predisposition of the crystals to break along planes paralle lt 


FRAGMENTATION DANS 


Des cristaux de tungsténe ont été étudiés avec un 1 


Laue en retour. Les cristaux montrent souvent 


ences angulaires. Apres flexion a froid, cette fragme 
dans la direction perpendiculaire a celle correspon 
de flexion. 
lordre de 


Les différences d'orientation 
10 


admettre une tendance des cristaux a se rompre k 


entre 


Lors du tréfilage, les inclusions s« 


DAS AUFBRECHEN VON 
Von 


fertigt. 


Wolframkristallen wurden Feinfokusaufnal 


Die Kristalle zeigten haufig besondersartige Aufb 
waren. Nach einer Kaltbiegung war das Aufbrec 
hauptsachlich annahernd senkrecht zur Biegericht 
Gitters Die 
Groéssenordnung betrug etwa 10 

Weil wahrend des Ziehens die Ri 


angenommen, dass die Kristalle besonders dazu nei 


vor sich geht. 


Einschliisse in 


1. INTRODUCTION 


In making filaments for incandescent lamps, tung- 


stent is used to which a dope is added in order to obtain 
properties valuable to the life of the filament. Although 
this dope evaporates for the larger part from the 
metal during the preparation and accordingly the 
resulting tungsten can be considered as rather pure 
(e.g., 99.99 per cent W), it has still a large effect on the 
of 
polycrystalline tungsten wire rather large crystals of 
180 « and 120 uw diameter were used for the experi- 
to this the 
preliminary experiments it that 
normal back reflexion Laue-diagrams of the crystals 
of this 


adjacent crystals which differed only 1 


recrystallization. After recrystallization doped 


10-mm length are found. These crystals in wires of 


ments be described in paper. During 


was often found 


from two 


nature have spots originating 


in their 


orientation. And zones of both crystals were fre- 


* 
1955. 

+ Philips Research Laboratories, N. V. Philips’ Gloeilampen- 
fabrieken, Eindhoven- Netherlands. 

+ Although the International Union of Chemistry recom 
mends the name of wolfram, we will use the name tungsten as 
is still common practise. 
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a better resolution the Laue-patterns were then made 


quently found to run parallel on the diagram r 


by means of a fine X-ray beam 


2. TECHNIQUE OF THE 


METHOD 


MICRO-LAUI 


Use 


with 


was made of a normal sealed-oft 


The 


radiation over the target surface 


Mo-target distribution 


Ol 
is not 


a pinhole photograph reveals this fact 
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alex 
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back-reflexion diagrams. 
lead glass capillary 
of focal spot, its emitted intensity of radia- 


Arrangement for microbeam 


plane 
tion (I) at each place is plotted to the left. 
specimen 
film 
normal collimators the effect of a splitting up ina 
crystal would get mixed up in the diffraction spot 
with the effect of the irregular focal spot. Therefore 


we used as collimator a leadglass capillary of about 


45 uw internal diameter and of 20 mm length. Placed 


at about 70 mm distance from the anode of the tube, 
only part of the focal spot can be “‘seen” through it. 
A test film placed at some distance behind the colli- 
mator, as well as a back-reflexion Laue diagram of a 
The 


small parallel lines originating from the coil windings 


good crystal, gives rather homogeneous spots. 


of the cathode (Fig. 1) are normally not resolved. 


If however a deformation asterism should enlarge the 


reflexion spot very much and doubt might arise 


Fic. 3. Sketch of the arrangement. 

Through the collimator (C), in the centre of the film (£) 
the X-ray (X) shield (A) 
mounted below the wire (W) on the sample holder (8), which 
The intensity of 
the beam is measured with a Geiger-counter (G@). 


beam passes a slit in the brass 


ean be moved horizontally and vertically. 
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whether a spotty appearance of the streak is due to the 
focal spot or to irregularities in the crystal, turning the 
specimen over 90° around the X-ray beam and making 
another diagram provides a good and easy check. 

Fig. 2 gives a sketch of the arrangement. The film 
was placed perpendicular to the leadglass capillary. 
The position of the collimator could be adjusted in a 
manner similar to that of Hirsch and Kellar.” Only 
one emulsion layer of the film was developed. 

With this arrangement a resolution was possible of 
two reflexions of crystals with an orientation differ- 
ence of 1’—2’. The irradiated spot of the specimen was 
about 120-150 uw in diameter. 

The 


position. 


tungsten wire was fastened in a horizontal 
Half a mm under the wire a small brass 
shield in which a very narrow vertical slit was made, 
was screwed on the sample holder (Fig. 3). With a 
Geiger-counter the small X-ray beam can be traced 
and the sample-holder can easily be adjusted (by means 
of screws) in such a way that the beam passes the top 
of the slit. By moving the holder downwards the beam 
falls on the wire in a chosen spot, the Geiger-counter 


With this 


method the same spot on the wire could always be 


registering the absorption of the wire. 


found again as long as only one end of the wire remained 
fastened. 

Exposure times of about 12—18 hours were necessary 
(at 45 kV and 20 mA; full wave rectified: Mo tube). 
3. INVESTIGATION OF TUNGSTEN CRYSTALS 

The tungsten wires, which after drawing have a 
fiber structure, were recrystallized by heating them 
by means of an electric current or by heating them in 
a tungsten tube furnace in which they were placed in 
a tungsten container. After recrystallizing they were 
slightly etched; they were handled carefully in order 
to avoid unintended deformations. 

About fifty well developed crystals of at least 3 mm 
length were investigated with the above-described 
method. Sometimes the Laue spots occurred in pairs 
with orientation differences of 1°-2° as mentioned in 
the introduction. 

In the separate spots sometimes no fine structure 
could be found, but often they were double, three-, or 
even five-fold (Fig. 4), with clear areas of up to 0.2 mm 
between the parts, corresponding to orientation differ- 
ences of about 10-30’. In some cases this split-up 
could only be seen under magnification, as darker 
the differences 2’—10’). 


Generally the unblacked areas and the darker lines 


lines in spot (orientation 
were approximately parallel to the wire direction in 
all parts of the diagram. About 60 per cent of the 


diagrams showed spots with this break up. 
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(a) double spots (enlargement 2.5 


b) threefold spot enlargement 2.5 


Fic. 4. Splitting of Laue spots in un bent W 


In the investigated area of about 130 4 we counted dicular to that plane, which pro 
from 2 to 7 fragments giving a diameter of 20-70 uw able differences 
for each. In the bent condition 

Of the fifty crystals investigated twenty were used Laue spots with large deformation asterism 
for bending experiments. Before bending,about halfof were also very often n Uy This bi 
them showed single Laue spots, the other half diffrac- happened sometimes in different directions 
tion spots that were split. The wires, of which the spots were more or lessfeather-shaped. The str 


crystals were part, remained fastened on one end and ing of the bent tal resulted in most 
were bent on the place of the chosen crystal with a vanishing of the deformation asterism, but t 
radius of 1.5 or 2 mm over an angle of 20° or 90 crystals were much more broken up int 
In some cases Laue diagrams were made in the bent than before the bending. This break-uy 
state. Then the crystals were re-bent until they were consider as a form of 


as nearly as possible straight again. Some of them occurred in the direction of the bend 


were bent in the plane through the X-ray beam and planes, but frequently in a direction 


the wire, and some were bent in a direction perpen- the first. The second fragmentation 1 
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in crystals in which before the bending a similar split- 


up was found to a lesser extent, but also in crystals in 


which with our set-up no splitting was detected. Of the 

twenty bent and re-bent crystals tenshowed a split-up 

in a direction perpendicular to the wire axis (e.g. the 

fragments could be considered as being turned with 

respect to each other around the wire axis). Three 

had a split-up in the direction of this axis (as could 

be the result of bending the wire) and the remaining 

seven crystals showed a more complex break-up (per- 

haps sometimes as a result of a slight twisting). The 

various shapes of the spots are illustrated in Fig. 5. 

(a) split-up of a single spot perpendicular to the wire axis The orientation differences between two adjacent 
spots amounted from 1’ to 10’. The number of separ- 
ate spots was up to twenty. With an irradiated area 
of about 130 «diameter, in the case of twenty spots, the 
average diameter of each fragment follows to be about 
6-7 uw. (The penetration depth will be of the same 
magnitude, so we need not consider crystals lying 
under the surface layer.) The maximum orientation 
difference between extreme fragments in one irradiated 


spot is about 1.5 


4. DISCUSSION OF THE RESULTS 
Apart from the polygonization after annealing"), in 
unannealed cold-worked metals a break-up of the 
crystals also occurs. This has been found in many 
1 


lighter metals, ») but also after bending molyb- 


denum single crystals.‘ 

In cases where the deformation asterism disappeared 
by rebending the crystals, we found the fragmentation 
to remain. Moreover, often a split-up was found to be 
present in carefully handled un-bent tungsten crystals, 
which corresponds to orientation differences which 
could be obtained by turning the fragments slightly 
around the wire axis. After bending and re- bending the 
wire, the same type of orientation defect dominates. 
The average dimensions of the crystals can diminish 
by bending from 70-20 4 to about 7 uw, which will be 
about the limit resolvable by our method (see also 
ref. 3). This leads up to the suggestion that crystal 
boundaries have a tendency to be parallel to the wire 
axis, and that in the crystals which have grown out 
of the fiber-structure of the wire the influence of this 
structure is still present. Although the so-called*‘dope”’ 
is still present in the recrystallized wire its amount is 
only of the order of, at the most, 0.01 per cent, a 
contamination which is to be considered as normal for 
a not extremely pure metal. This dope has however 

. a very strong influence on the whole crystallization 
ec and it-ups which suggest remaining deformations 
process, and we may assume a persisting influence on 


5 ing o ai espotsé er hen: detr oO 
Fic. 5. S} litting of I 1ue spots aft rk nding and straighten the behavior of the tungsten crystals which we norm- 
ing of the W crystals the wire direction is horizontal). . 


Enlargement 5 x. ally consider as single crystals. As a result of the 
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Fic. 6. 
normally considered as one single crystal but with orientation 
direction of the wire 


Sketch of a bent wire with small crystals together 


defects (fragmentation) in the and 


perpendicular to it. 


drawing process of the wire the dope might, for 
instance, have been spread out in planes or threads 
parallel to the wire. If these planes functioned as 
boundaries of very small crystals with almost the same 
orientations, or as grooves in the single crystals, a 
similar split-up as found in our experiments could be 
expected before and after bending the wire. In bend- 
ing there occur also forces perpendicular to the wire 
axis, and at the boundaries or grooves the crystal would 
vield to them, and show the increased split-up. Fig. 6 


illustrates this fragmentation of a crystal. 


The presence of these fragments with small dis- 


orientation in the un-bent wire and the further frag- 
mentation in bending can also be explained as a result 
of the contaminations which are stretched like strings, 
instead of planes, through the wire. Probably these 
strings, or planes of strings, affect the recrystallization 
in the sense that they could act as capture-centres for 
the dislocations present in great number and probably 
in preferred orientation after drawing, and thus give 
rise to fragment boundaries as depicted in Fig. 7. 
In bending the recrystallized wire, new dislocations 
are formed which can interact in their turn with the 
contaminations. Although the majority of the dis- 
locations formed in the bending experiment have their 
axes perpendicular to the wire axis, and should there- 
fore be influenced but slightly by the strings parallel 
to the wire axis, the necessary change of shape of the 
cross-section of the wire must be caused by disloca- 
tions more or less parallel to that axis. It is these 
dislocations that could be responsible for the frag- 


mentation of the second kind described above, as they 
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Fic. 7. 


tamuinations, 


Cross-section of 
perpendicular 
with dislocations. One ery 
both can 


fragments (right 

will be captured by the strings and would not ther 

fore be able to disappear in rebending the wire 
Similar experiments with tungsten of higher purity 


are started. 


5. CONCLUSIONS 


After 


wires, the main part of the deformation disappears 


re- bending cold-bent tungsten crystals in 


but fragmentation is found not only in the direction 


of the wire axis but very frequently perpendicular 1 
The latter 


that direction split-up is alse 
un-bent crystals 

The distribution of the small amount 
tions during the drawing process might 
for this fragmentation 


After 


cry stals became smaller 


bending, the average 
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VACANCIES AND INTERSTITIALS 


IN GERMANIUM AND SILICON* 


SUMNER 


A search for the equilibrium solubility of vacancies or interstitials in silicon has led to the conclusion 


that such defects, if present at all, are at 


concentrations of less than 5 


10!2/ee. However. there 


seems to be interstitial silicon frozen into most silicon crystals tested. The absence of frozen-in defects 


in germanium is explained by the effectiveness with which an equilibrium concentration of Frenkel 


defects aids the diffusion of extra defects out of the crystal. 


Interstitials may be frozen into silicon 


because there are essentially no Frenkel defects to aid the diffusion of the interstitials out of the silicon 


crystals during the growing process 

LACUNES ET ATOMES 
L’étude de 
a des concentrations inférieures a 


existent, sont 


interstitiels de silicium dans la plupart des cristaux de silicium étudiés. 


INTERSTITIELS DANS LE 


GERMANIUM ET LE SILICIUM 


la solubilitié d’équilibre des lacunes et atomes interstitiels montre que ces défauts, s’ils 


Néanmoins, il semble y avoir des atomes 


L’absence de tels défauts dans le 


germanium s’explique par l’action des défauts de Frenkel sur l’expulsion de ces défauts hors du cristal. 


Les atomes interstitiels peuvent étre trempés dans le silicium, car absence de défauts de 


Frenkel ne 


permet pas leur expulsion du cristal pendant sa croissance. 


LEERSTELLEN 


UND ZWISCHENGITTERPLATZE IN GERMANIUM 


UND SILIZIUM 


Eine Untersuchung der Gleichgewichtsléslichkeit von Leerstellen der Zwischengitterplatze hat zu dem 


Fehler, 


auitreten. 


Schluss gefiihrt, dass solche wenn sie 


weniger als 5 1012/em* Es scheint 


kristallen Silizium auf Zwischengitterplatzen eingefroren war. 


in Germanium wird der Wirksamkeit 


Frenkel Defekten der Diffusion von Extradefkten aus dem Kristall hinaus verhilft. 


wesentlichen keine Frenkel 


einlagerungen beim 


eingetroren sein. 


zugeschrieben, mit 


Defekte vorhanden sind, die das 
Wachstumsprozess unterstiitzen, 


iiberhaupt vorhanden sind, bei Konzentrationen von 
jedoch, dass in den meisten untersuchten Silizium- 


Das Fehlen von eingefrorenen Defekten 
der eine Gleichgewichtskonzentration von 
Da bei Silizium im 
Hinausdiffundieren der Zwischengitter- 
Zwischengittereinlagerungen 


werden hier die 


1. INTRODUCTION 


The use of electrical measurements to study lattice 
defects in semi-conductors has allowed the study of 
defect defect 
in 10!° atoms of the mother material. We have pre- 


lattice concentrations as low as one 


viously reported studies of the equilibrium con- 
Frenkel 


temperatures near the melting point.”) We wish to 


centration of defects in germanium at 


report here similar studies which were designed to 
detect the equilibrium solubility of vacancies and 
interstitials in silicon, but which resulted in the 
discovery of a considerable concentration of frozen-in 


interstitials. 


2. EXPERIMENTAL OBSERVATIONS 
The experimental apparatus is similar to the one 
The 


single-crystal silicon sample is a slab of about 1 mm 


used inthe study of defects in germanium. 


thickness. It is heated by passing a current through 
it in a kinetic vacuum system at pressures less than 


10-7 mm of Hg. The sample is quenched by turning 
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off the current. It cools by radiation to room tem- 


perature witha typical initial cooling rate of 400°C/sec. 


The electrical resistivity is measured at room tem- 


perature after a given heat treatment, and any 


change in the resistivity can be ascribed to a change in 
The 


determined — by 


the sample produced by the heat treatment. 
heat-treatment temperature is 
measuring the intrinsic resistivity of the specimen 
which is a sensitive function of the temperature. 
There are two types of resistivity changes caused by 
heat treatment: irreversible and reversible changes. 
Irreversible changes can be related to the loss or gain 
of impurities, or to the loss of lattice defects which 
were introduced in the original growing of the crystal. 
Reversible changes in resistivity can be related to 
reversible changes in the equilibrium concentration of 
vacancies or interstitials or both when the heat treat- 
ment temperature is changed.” Reversible changes 
are only dependent on the heat-treatment tempera- 
tures, while irreversible changes depend on the total 
heat-treatment history as well. 
the Oak 
bombardment of silicon, we know that the vacancy 


From work at Ridge on the neutron 
acts as an electron acceptor in n-type but not in 


p-type silicon, while the interstitial acts as a donor in 


( 
4 
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p-type but not in n-type silicon.) The room tem- 
perature resistivity, p, is given by the equation 


(1) 


l/p Np| eu 


where NV , is the number of electron acceptors, Vp is 
the number of donors, y is the mobility of holes in 
p-type material (500 cm?/volt sec) or the mobility 
of electrons in n-type material (1200 cm?/volt sec).‘* 
We observed no reversible changes in the resistivity 
of silicon. Hence, we can deduce from equation (1) and 
the sensitivity of our resistivity measurement that the 
equilibrium concentration of defects near the melting 
point must be less than 5 10!2 per ce. (In ger- 
we found 4 10!4/ce 
the melting point).“’) In the Appendix it is demon- 


strated that the heating times were long enough for 


manium Frenkel defects near 


equilibrium to be obtained, and that the quenching 
times were sufficiently short to capture the high- 
temperature equilibrium. 
Another striking difference 
treatment 
found in the nature of the irreversible changes we 


between the heat- 


results on germanium and silicon was 


detected. In germanium, we found one simple 
irreversible process which could be ascribed to the 
evaporation of copper out of the specimen when it was 
first introduced into the vacuum system and heated. 

In silicon the array of irreversible processes is more 
complex and implies the loss of various types of 
impurities from the sample. However, the largest 
irreversible change of resistivity is common to all 
p-type specimens so far tested, and takes place 
characteristically at 1100°C. Some of p-type samples 
were grown by pulling from a quartz boat in an argon 
atmosphere, and had a resistivity of 8 ohm-cm. Others 
were produced by the floating-zone technique in 
(4) 20 ohm-cm 


and had a resistivity of 


By heat treatment at around 1100°C for 


vacuum, 
p-type. 
several hours it was possible to reduce the gross 
resistivity of the 8 ohm-cm samples by a factor of 2, 


How- 


ever, an n-type sample grown under the same con- 


and the 20 ohm-cm material by a factor of 3. 


ditions, except for the arsenic doping agent, as the 
8 ohm-cm p-type material, exhibited no such 
irreversible change in resistivity. Thus the “impurity” 
involved is capable of influencing the resistivity of 
p-type but not of n-type silicon. Such an impurity 
might well be interstitial silicon which is introduced 
into the crystal during the growing process and is 
capable of diffusing out of the ingot when the tem- 
perature is raised to 11L00°C. 

We have etched several of the p-type samples in 
order to determine the region of the sample where the 


major resistivity change took place. Most of the 


GERMANIUM AND SILICON 


CONCENTRATION 


INTERSTITIAL 


— SAMPLE THICKNESS 


Fic. 1. The distribution of interstitial 
sample. The LLOO ( 
stitials near the surface 


silicon 
treatment at allows o1 


to leave the 


heat 
sample, indicat 
diffusion 
/ee 


low diffusion constant for interstitial 


Initial concentratio1 
\fter several hours at 


change takes place within a few mils of the surfac 
We estimate from the magnitude of the resistivity 
changes observed and the depths to which such 


changes extended below the surface that thes« 


interstitials/c 


crystals contained at least (see 


Fig. 1).* 


decay of the “higher modes” 


The diffusion observed corresponds to the 
in the solution of the 
diffusion equation. The diffusion constant can only 
be estimated to an order of magnitude, and is found to 
be 9 


In Table 1, we summarize the available information 


9 
em*;sec 


on vacancies and interstitials in germanium and 


determined by resistivity measurements 


silicon as 


TABLE | 


Equilibrium 
solubility of 
es OI 


vacancel 
interstitials 


* The 


seem very 


possibility of 
remote. Sucl 


same electrical property as interstit 
have a low diffusion 


from the 
surtace 1S an 


it must 
evaporation solid surf 
explained. The 
since they simply form 
evaporation from the 

liquid. Since convection an¢ 
impurity 
crystal-growing process, and would not 
A further argument 
with 
spheres exhibited the same 
it is hard to imagins 


the 


would have evaporated fro1 
flavoring interstit 
markedly differe: 
behaviol! 


crystals grown 
external conditions, 


introduced into 


impurity 18 


process. 
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It is not unreasonable to expect that silicon would be 
srown with interstitial silicon present. Silicon liquid 
and some interstitials could 


is denser than the solid, 


well be dissolved during the growing process. As we 
shall see later, most crystals are grown at a rate which 
is too fast to allow the interstitials to diffuse out of the 
ingot during the growing process by a simple diffusion 
mechanism. 

also denser solid 


Liquid germanium is 


germanium. Why then did we not see interstitial 
germanium frozen into germanium single-crystals as 
grown from the melt? In germanium, it is proposed 
that the presence of an equilibrium concentration of 
Frenkel defects will greatly aid the diffusion of any 
added non-equilibrium number of interstitials. There- 
fore, for germanium the growing process is in effect 
slow enough to anneal out any extra interstitial 
germanium which may be introduced at the liquid 


crystal interface. 


3. THE INFLUENCE OF FRENKEL 


ON DIFFUSION 


DEFECTS 


In Fig. 2, we show schematically how an equilibrium 
concentration of Frenkel defects aids the diffusion of 
an extra interstitial out of the sample. 

The 
defect: 


solid enclosure represents a formed Frenkel 


the cross on the left the added interstitial. 


There is no reason why the vacancies and _ inter- 


stitials could not. after allowing time for 


diffusion, be 


enclosures. 


some 
reassociated as the dashed 
Now. 


the surface and can leave the sample. The important 
this 


shown by 
the extra interstitial is found near 
diffusion distance involved in process is the 
average distance between vacancies and interstitials, 
but net the total distance from the extra interstitial 
to the surface. Thus the solid can lose an extra inter- 
stitial by this process much faster than if there were 
no Frenkel defects present, in which case the added 
interstitial would have to diffuse the whole distance 
to the surtace. 

The above picture is crude, but we can put it on a 
exact basis in the following Into the 


more way. 


(o 


{ o x ) 


Fic. 2. The effect of Frenkel defects in aiding the removal 
of an extra interstitial from the crystal. The extra inter- 
stitial is originally on the left. The original Frenkel defects 
(dashed such 
that the extra-interstitial appears in the right and is lost to 
the surface. 


(solid enclosures) can reassociate enclosures) 
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equation describing the diffusion of interstitial ger- 
manium, we introduce terms relating to the generation 
of Frenkel defects and the recombination of vacancies 
and interstitials. In a germanium crystal where only 
Frenkel defects 


are the approach to an 


present 
equilibrium situation can be given by the equatior 


dn 


dt 


where we assume for the sake of this argument that 
only the interstitials, n;, are moving so that 7 is the 
jump time for interstitials, V is the number of lattice 
positions per cm®, , is the number density of 
vacancies, « is a geometrical factor which is 4 for the 
structure,® and G the 


germanium represents 


generation of Frenkel defects. At equilibrium 
dn, an,” 


n,, and hence G 


dt N 


where 7”, is the number of Frenkel defects at equili- 


brium. The diffusion equation for the case when 
extra interstitials An, are instantaneously added to 


the solid can be now written as 


dn 


DY *(An,), 
dt 


2 
n, ) 


where at f 


Therefore, 
dAn, 


D7 ?(An,). (3) 
dt 


We assume that the extra interstitial concentration 


is sufficiently small so as not to appreciably alter the 


An AN, 


vacancy concentration. The term represents 


fa 


the contributions of the Frenkel defects to the 
diffusion process. 

The diffusion equation has been solved previously 
for the case of vacancies or interstitials diffusing out 
of a slab of thickness 2. The time dependence of 
the for the total of defects 


after the higher modes of the solution have decayed is 


solution concentration 


2 Dt 


é 


The time dependence of the solution to equation (3) 
can readily be seen to be 


aN 


= 
+ G, 
TN 
4 
— = 
nN, An, +4 Nv, 
nN, FN, 
An 
\ 
\ 
¢ 
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Thus, the time to reach equilibrium ¢, in a solid with 
no Frenkel defects is the well known 


The ratio of these two times is 


[7 xn, 


t/t.» 
é ek a2DrN 


The diffusion constant for interstitials can be related 
to their jump time, 7, by the usual “‘random walk’”’ 
equation‘? 


D 4a?/(67) (4) 


where a is the jump distance between interstitial 
Also in 


manium 7,/N near the melting point is of the order 


positions and is 2.4A in germanium. ger- 
of 10~§, so that for an ingot whose smallest dimension 
is 2 cm we have 


~ 107, 


Thus, the presence of Frenkel defects in germanium 
will speed up the diffusion of extra interstitials out of 
the sample by a factor of ten million over the time 
The 


similar arguments would apply equally well for the 


“normal” diffusion would require. above or 


diffusion of extra vacancies out of the crystal or for 


the case when the vacancies move instead of the 


interstitials. 
4. DISCUSSION 


Is the above mechanism essential to the removal of 


excess interstitials from germanium during the 


or is the normal diffusion process 
self-diffusion of 


Slifkin 


growth of a crystal, 
fast The 
been measured by 
to be 


enough? germanium has 
R) 


Letaw, and Portnoy, ' 


73,500 


Desert Ge = cm®*/sec. 


In our previous study of vacancies and interstitials in 


heat-treated germanium we found an equilibrium 
solubility of Frenkel defects of 

n £6,100 

R1 


N 


6.7¢ 


Furthermore, below 585°C we 


evidence to show that the interstitial is more mobile 


had experimental 


than the vacancy. Let us assume that self-diffusion 


IN 
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proceeds interstitially in germanium at all tem- 


Then, the 


(9) 


peratures. interstitials have a diffusion 


constant 


There is a sharp temperature drop along the length 
x of the 
The 


radiation losses from the equation 


melt. 


the 


the crystal as it is from 


pulled 


temperature gradient is determined by 


oT'4(2zr) 


/ 


\ 9 
da 


where we have written the radiation term as equiva 
For the 
as a circular rod 
The 
quantity o is Stefan’s radiation constant, and K is the 
dT /dx 
integrate with respect to x and note that when T’ is 
small, (d7'/dz) 0. we 


sake 


lent to a loss of heat per unit volume 
of this argument we consider the baz 
of radius r, and we assume an emissivity of |] 


thermal conductivity. If we multiply by 


have 


(=) 


da 


Whether our interstitials have time to diffuse out to 


the surface of the crystal depends on whether 


Di 


If we substitute 


Dt 


where y’ is determined from the temperature 


germanium 


tegration conver I iT al int 
The 


plus 


One partial in 


error function alculable term 


Yauss 


integration results in 


t, D 27,406 
D, = 13. kT cm?/sec 
. . . . N 
while in a solid with Frenkel defects is 
ae 
VOL. or 
4 
Lo 
1956 
da drk 
Dt | Ddt | | 
where 2 is the pulling rate 
and replace E/ RT by y* we f 
dD, Sark R 
v N 4o 2] 
~ Dy [ork(k 
Dt 
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The following values apply: 


l em 
0.1 cal/em see °C 
9 
5.7 ergs/cm* s 
13 em?/see 

2 cal mole 

27.400 cal/mole 

6 in./hour 
Hence Dt = 0.03 cm®. Since r = 1 em, Dt <r? and 
the interstitials would not diffuse out of the sample 
during the pulling process by a normal diffusion 
Evidently the accelerated diffusion 
the Frenkel 


removal of the extra interstitials. 


process. pro- 


duced by defects is essential to the 


5. CONCLUSIONS 


Evidence has been presented for the presence ot 


frozen-in interstitials in silicon crystals at a con- 


centration of the order of 10!®/cce. A possible 


explanation is given which correlates the absence of 


an appreciable equilibrium concentration of Frenkel 
defects and the presence of the frozen-in interstitials. 
Crystals studied had initial resistivities of 8 and 


20 ohm-cm which corresponds to an uncompensated 


concentration of electron acceptors of the order of 


10!°/ee. Since in p-type material the interstitial is a 


donor, the total acceptor concentration in these 


crystals must be of the order of 10!6/ec. The crystals 


were not intentionally doped with any acceptor 


impurity. One of the problems growing out of this 
work is to determine the impurity which is the source 


of this large number of acceptors. 
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APPENDIX 

In this section we propose to answer two questions 
which may be raised challenging the conclusion that 
no Frenkel defects are found in silicon: 

(a) Was equilibrium for Frenkel defects achieved 
during the heat treatment? 

(b) Were the quenching rates fast enough to trap 
the high-temperature equilibrium concentration of 


Frenkel defects at room temperature / 


(a) The rate of approach to the equilibrium con- 
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centration of Frenkel defects is given by equation 2. 
If we set n; = n, = n, the number of Frenkel defects, 
and if we neglect the diffusion term which does not 
apply to this case where the concentration of defects is 
uniform throughout the crystal, we then have for the 
change in concentration of the Frenkel defects with 


time the equation 
dn 
dt 


(Al) 


n,) 
where 7 is the jump time for the fastest moving 
defect, most likely the interstitial. By use of equation 
(4), equation (Al) becomes 

dn x6 D a 
dt 
Equation (A2) may be integrated to give the time 
required for n to reach 90 per cent of its final value 
of n,. We find 
(In 19) N 4a? 


2a Nn, 


The following values apply 


em 

N~5d5 1022 

At 1100°C, D~ 10-° and according to our measure- 

ments 7, 5 Under these conditions 

t 1200 sec, which is a short time compared to most 
of our heat-treatment times. 

If the Frenkel-defect 


high as in Ge (i.e., 4 


concentration in Si were as 
1014 em 


stant for the faster moving defect would have to be at 


3) the diffusion con- 


least as low as 10~-!4 cm?/sec for equilibrium not to 


have been reached in our longest heat treatments, 
which lasted twenty-four hours. Such a low diffusion 
constant for vacancies or interstitials has never been 
Our 1100°C, in fact, 


yield a value of 10~* cm?/sec for the diffusion constant 


reported. measurements at 
for interstitials, and this is likely to be increased by an 
order of magnitude at the melting point of 1430°C. It, 
therefore, is certain that the equilibrium for Frenkel 
defects was established during our heat treatments, or 
else the equilibrium concentration was so low as to be 
immeasurable. 

(b) Equation (A2) can also be used to show that the 
quenching rates were fast enough to capture whatever 
were at the high-temperature 


Frenkel defects 


equilibrium. The sample cools by radiation cooling: 


the change of temperature with time is given by 


dT 
dt dt 
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where T 9 is the heat treatment temperature from 
which the sample is quenched and where (d7’ dt)g can 
be determined by measuring the power required to 
maintain the sample at the heat-treatment tem- 
perature. As was mentioned previously (d7' dt)g is 
400°C/sec near the melting point. 


cools, the term ,?(7’) in equation (A2) should rapidly 


As the sample 


become much less that n?, because the production of 
Frenkel defects is an activated process and so the 
number of such defects at equilibrium should decrease 
sharply with temperature. Thus, we shall neglect the 
term 7,” in equation (A2). If anything, the neglect of 
this term should make the quench appear slower than 
it really is. 

We can now integrate equation (A2) over time 
during the quenching process to see how many defects 
are lost. 

dn aG dt 

Dye 


) aT 


a6 [ 
| D dt 
4a Jt 


fa" JT, 
dT 


where 7, is the equilibrium concentration at the heat 


the 


Q 
treatment temperature, 7, is concentration 
measured at room temperature, and the usual tem- 
perature dependence of the diffusion constant has 
been substituted. The 


substituting 2° = E/RT, and yields 


d 


=) (5 


integration can be performed 


where E/RI Q 
Hence 

D 
_ (A3) 


n, dt 
Q N Q vo 
The theory of Zener™® on interstitial diffusion 
offers a method by which the activation energy for 
diffusion can be estimated from the diffusion constant 


at only one temperature. Following the calculations 


GERMANIUM AND SILICON 


of Fuller. Wolfstirn 


for copper in Ge, it is quite easy to get a rough estimate 


Struthers, Ditzenberger, and 
of the activation energy for the interstitial diffusion of 
Si in silicon from the measured value of D at 1100°C of 
We find EF ~ 40,000 cal/mole. We can 
estimate the diffusion constant D, near the melting 
point of 1430°C from the value of D at 1100°C by the 


e | 


9 
10-% em?/sec. 


relation 
EAT 
RT,T 


where D 1700°K 


and AT’ 
Hence, 


and 


We now estimate the fraction of defects 
the quenching process as given by equation (A3 


the the fact 


may 


values given above, and 


9 
n » 1012 em 


We find 


Thus a negligible fraction 


quenched into the sample 
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THE MECHANISM OF DENSIFICATION DURING SINTERING OF 
METALLIC PARTICLES* 


G. C. KUCZYNSKIft 


The possible mechanisms which may bring about shrinkage of pores during sintering are discussed. 


In view of the Alexander-Baluffi experiment, only two such mechanisms are possible: 


(1) diffusion 


along grain boundaries, (2) volume diffusion with sinks at grain boundaries (Nabarro-Herring micro- 


creep). 


of the compact. The probability of occurrence of these mechanisms is discussed. 


The excess vacancies are transmitted to the grain boundaries and through their network out 


It is concluded that 


the volume-diffusion mechanism is the more probable one. 


MECANISME DE L’AUGMENTATION DE DENSITE LORS DU FRITTAGE 
DES PARTICULES METALLIQUES 


Les mécanismes possibles qui peuvent faire disparaitre les pores pendant le frittage sont discutés. 


D’aprés les expériences d’ Alexander et Baluffi, deux mécanismes seulement sont possibles: 1 


le long des joints de grain. 2 
(mécanisme de Nabarro et Herring). 


réseau, hors du comprimé. 


Diffusion 


Diffusion en volume avec disparition des lacunes sur les joints de grain 
Les lacunes en excés diffusent vers les joints de grain et, par leur 
La probabilité de ces divers mécanismes est discutée et il est conclu que la 


diffusion en volumes est le mécanisme le plus probable. 


UBER DEN MECHANISMUS 


DER VERDICHTUNG 


BEIM SINTERN 


VON METALLISCHEN TEILCHEN 


Die méglichen Mechanismen, die eine Schrumpfung von Poren wahrend des Sinterns verursachen 


kénnen, werden diskutiert. Nach dem Alexander-Baluffi Experiment sind nur zwei solche Mechanismen 


moglic h; 


Korngrenzen (Nabarro-Herring Mikrokriechen). 
grenzen und 
Auftretens dieser Mechanismen wird diskutiert. 


der wahrscheinlichere Vorgang ist. 


durch deren Netzwerk aus dem Sinterkérper hinaus beférdert. Die 


1) die Diffusion entlang der Korngrenzen und (2) die Volumendiffusion mit Léchern an den 
Die iiberschiissigen Leerstellen werden zu den Korn- 


Méglichkeit des 


Es wird der Schluss gezogen, dass die Volumendiffusion 


INTRODUCTION 


The process of sintering, the central 


powder metallurgy, long remained obscure despite 


imposing advances made in the last twenty years 


by that branch of technology. However, the results 


of investigations undertaken during recent years 


have gradually explained the mechanisms involved. 


Powder metallurgists usually divide the course of 


the process of sintering into two largely overlapping 
stages. The first, during which the mass of heated 
powder does not densify appreciably but gains in 
cohesion, is connected with the formation of metallic 
‘“‘necks’’ between adjacent particles. During the 
second stage the voids are gradually eliminated, 
resulting in an increase of density of powder compact. 
It has established that both 


motivated by 


been well stages are 


surface tension. C. Herring, in his 


excellent studies,“>*) discussed exhaustively the 


thermodynamics of this problem. 
form a 


Two particles in mutal contact system 
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yrocess if 


which is not in thermodynamical equilibrium, 
because its total surface energy is not a minimum. 
If such a system is left for a sufficient period of time, 
bonding of the two particles will take place, resulting 
in a decrease of the total surface area. The mechanisms 
which would effect the bonding are those of surface 
and volume diffusion, evaporation from convex 
surfaces of the system and condensation on concave 
Studies of the 


“neck” joining an individual 


ones, and plastic or viscous flow. 
initial growth of the 
sphere of copper or silver and a flat plate of the same 
material on which it was loosely placed“ and of 
wires wound around cylinders,” indicated that, for 
metals of not too high vapor pressure, volume 
the predominant mechanism 
Diffusion flow 
concentration. 


the 


diffusion seems to be 
during the early stages of sintering. 
is caused by a gradient of vacancy 
In the area of a neck of radius of curvature 1, 
excess concentration of vacancies AC was shown 
to be roughly 

AC 

kT r 


where y is the surface tension of the metal, 6 


meee 
JO! 
4 
the 
ms O58 
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interatomic distance, k Boltzmann’s constant, 7’ the 
temperature in degrees Kelvin, and C, the equilibrium 
concentration of vacancies underneath a flat surface. 
For glass spheres it has been demonstrated that 
sintering takes place by viscous flow.‘ 

The of 
essentially of the elimination of the spheroidized 


second stage sintering, which consists 


voids, remained somewhat vague. Some vears ago 
the author“? suggested that the closing of the pores 
that 


“neck”? formation, and derived the following 


is brought similar mechanism to 
of the 


equation for the radius r of a pore after a sintering 


about by a 


time 


(2) 


where r, is the original radius of a pore and « a co- 


How- 


ever, it has been pointed out by R. Shuttleworth” 


efficient dependent on the diffusion constant. 


that in a single crystal such a mechanism would be 
too slow to account for observed rates of sintering. 
R. Shuttleworth 


motivated by surface 


Whereupon J. K. Mackenzie and 
concluded that plastic flow 
stress must be involved. However, all experiments 
they could refer to were not adaptable to a quanti- 
comparison of 


Most 


powder 


tative theoretical and observed 


sintering rates. sintering experiments are 


performed on compacts, and consist of 
measurements of density as a function of time and 


As 


geometry of the contacts between individual particles 


temperature. Herring”) states, 
are so complex and so unknown that a quantitative 
prediction of result from theory would be hopeless, 
even if other disturbing influences were negligible.” 
Experiments on systems of known geometry, similar 
to those mentioned above, were needed to furnish a 
Such 


sound basis for a theory of densification. an 


experiment has been supplied by Alexander and 


9%, 10 


Following Geach and Jones’“ method, they 


wound several layers of copper wire of 0.005-in 
diameter on a copper cylinder. After sintering they 
of 


circular cross sections were easily measured under a 


obtained a parallel set tubular voids, whose 
microscope. They found that the diameter of a void 
decreased as long as the pores were interconnected 
by grain boundaries. By prolonged annealing they 
succeeded in the elimination of grain boundaries 
from large portions of their specimens, converting 
them into single crystals honeycombed by remnant 
tubular voids whose diameters ceased to decrease. 
Long before this experiment was performed, workers 
in the field of powder metallurgy noticed that it is 


impossible to obtain full densification of compacts 


“the details of 


OF METALLIC PARTICLES 
cold 


the 


by sintering alone without working and re- 


sintering, because as erain boundaries 


SOOT as 


leave the voids, they cease to close. This behavior 
is obviously due to the effect found by Alexander 
Baluffi. Their 


possibility ot 


and seems to rule out 


the 


experiment 


plastic flow as assumed by 


pre- 
the 


Shuttleworth, or flow. 


Shale 


Mackenzie and viscous 
Wulff," as 


chief mechanisms of densification of metallic powder 
flow 


viously suggested by and 


compacts If anything, ylastic or viscous 


motivated by surface stress should be easier and 


faster in single crystals, than in systems containing 
discuss 


therefore to 


the 


orain boundaries. It remains 


the mechanisms which, in view of experimental 
evidence, are possible, and to evaluate their proba 


bility of occurrence. 


POSSIBLE 
The 


metallic system can be achieved only when the grain 


MECHANISMS OF DENSIFICATION 


fact that the elimination of the 


pores lll a 


boundaries are present, following 


possible mechanisms: (1) diffusion 
diffusion 
(equivalent to 
The 


suggested by 


grain-boundary 
erain-bound: 


Nabarro- Herring 
previou 


mechanisms will 


(2) volume with iy sinks 


so-called micro 


met hanism has heen 
These 


briefly discussed in 


creep) latter 
the author 
now be connection with the 
cylindrical voids of the Alexander and Baluffi « x perl 


ment. 


|. Grain Boundary Diffusion 
The 


can be visualized as follows 


closing of the pores hy boundar’ 


\ pore may be « 


consisting of vacancies, which dissoly 


ling ; the 


the 


as 


erain boundaries en pore 


atoms trom boundaries 


placed by 


vacancies are swiftly transmitted to the sw 


the specimen by vacancy-grain-boundary 


and in turn replaced by atoms from the surr 


crystals. At 
to be a 


first glanes this mechanism 


appeal very slow process on 
small breadth of the grain boundaries 
concentration in a grain bound 


the 


vacancy 


surtace ol pore is assumed 


pressed by eq. (1), where r is the radius of the pore 


the flux of vacancies through a unit length of the 


grain boundary, about one atomic distance thick 


can be expressed by the following equation 


dy 
3 
dt 


r 


where D, is the grain-boundary diffusion coefficient. 


A 
|) 
D 
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integration, the following relation is obtained. 
2/4 


D,t. 


If it is assumed that D,/D™~ 10° near the melting- 


point of copper, as in the case of silver,“"*) then the 
time necessary for complete closing of a pore of 
should be at least 2.5 10° hours. 


radius 10-? em 


It is therefore safe to rule out this mechanism as 


TOO slow 


2. Volume Diffusion 


As in 


the introduction, the crystal surrounding a tubular 


the case of ‘neck’? formation discussed in 


void of radius r will contain an excess concentration 


of vacancies expressed by eq. (1). There exists, 


therefore, a gradient of concentration of 


magnitude of AC/r. 


vacancy 


the order of Under a steady- 


state condition, these vacancies migrate towards 


the nearest sinks provided by the grain boundaries, 
vacancies from 


and are continuously replaced by 


the pore. This is obviously another way of saying 
that atoms are flowing into the pore. As soon as the 
vacancies reach a grain boundary, they are swiftly 
removed by vacancy-grain-boundary diffusion to 
the surfaces of large radii of curvature, such as the 
It has been pointed out 


the 


surface of the specimen. 
that, 


boundary diffusion of silver is about one thousand 


before near the melting-point, orain- 


times faster than volume diffusion. Vacancy-grain- 


boundary diffusion is. of course, still faster. It is 


reasonable, therefore, to expect a very fast removal 
of excess vacancies through the network of grain 
boundaries. This model is equivalent to an assumption 
of a constant vacancy density in the grain boundary 


the The 


controlled by 


rate of 
the 


throughout whole process. pore 


shrinkage will then be slower 
process, namely, that of the diffusion of the vacancies 
through the crystal to the grain boundaries. 

The flux of vacancies through a cylindrical surface 


of unit length is approximately 


AC 


r 


D’ is the coefficient of diffusion of vacancies 
Since C,D’ D, the 
and AC may be replaced by the 
——. 
kT r2 


This must be equal to the rate of shrinkage of the 


W here 
in the crystal. 


volume diffusion, 
expression in eq. (1), the flux will be 
d(r?7r) 

dt 


pore, 
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coefficient of 
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The resulting equation 


(4) 


which is identical with eq. (2). 

This process as described here is essentially the 
same as the Nabarro-Herring micro-creep mechanism. 
According to Nabarro“” and Herring," it is possible 
for each grain of a polycrystalline solid to change 
its shape in response to an applied stress by the 


flow of self-diffusion currents away from the boun- 


daries subject to compression towards those under 
This 


by an effective viscosity proportional to the square 


tension. flow is macroscopically describable 


of the linear dimensions of the grains. Therefore 


the flow equation can be written 


strain rate 


the acting stress the effective 


In our case the strain rate is the rate of 


where o is and 7’ 
viscosity. 
tubular void dr/r dt: 


the 


shrinkage of the radius of the 


stvess o y|r ~r*. Therefore flow 


and 7’ 
equation is 

dr 
dt 


where A is a function of temperature only. It is 
obvious that after integration of this equation, an 


expression similar to eq. (4) will be obtained. 
EXPERIMENTAL EVIDENCE 
Equations (3) and (4) allow us to estimate the time 
¢. necessary for complete closure of a pore, provided 
the grain boundaries are present to the very end. 
These values for T LO00°C listed 
in Table 1. The calculations were based on measure- 


ments of r 


calculated are 


and a, made on the photographs of 


Baluffi’s 
They are listed in Table 1 together 


0 
copper 
9, 10) 


sintered wires in Alexander and 
reports. ' 
with the other constants used. 

Table 1 that volume-diffusion 


indicates the 


TABLE ] 
(hrs) 


Mechanism 


Grain-boundary diffusion 
Volume diffusion 


em (wire diam.) 


103 dyne/em"?) 


3y0°D 
r? — t. 
| 
Ay 19 
— 
2.8 10? 
ry = 1.1 x 10-em a =6.35 
D = 2.5 x 10-%em?/sec") y=143 
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mechanism is definitely much faster than that of 
self- 
diffusion coefficient of copper at 1000°C on the basis 
For this 


grain-boundary diffusion. Calculation of the 
of eq. (4) also yields a very good result. 
purpose the average radius of pores was measured 
as a function of time, on the photographs mentioned 
before. The value for the coefficient thus obtained 
is 4.8 10-* em?/sec. 
with that obtained by 
Nix,® 2.5 10-9 em?/sec. <A 
(r,°> — r3)/a? against time for the temperatures of 
1000 1050°C: is Fig. 1. 


corresponding to short-time annealing 


This value compares very well 
Steigman, Shockley, and 
namely, plot of 


and given in The points 


(less than 
two hundred hours) fall fairly well on straight lines. 
The points corresponding to longer times deviate 
appreciably, due to the elimination of grain bound- 
aries from the sintered compact, which was visible 
For this 


LO75°C, though available, 


on the photographs. reason the results 


of sintering at were not 
utilized, because the photographs indicated that the 
to disappear even after 
that 


that the 


grain boundaries began 


annealing for a few hours at temperature. 


It may therefore be concluded volume- 


diffusion mechanism as described above is the most 
probable mechanism of densification of sintered- 
powder compacts. 


A powder metallurgical engineer may object to 


the value of time necessary for complete closing of 


Indeed, 


from experience he knows that most powder compacts 


a pore, given in Table 1, as unduly long. 
at elevated temperatures sinter within only a few 
hours to the vicinity of the theoretical density. 
Our estimates were closer to a few hundred hours, 
Table 1 The 


apparently faster rates observed during sintering 


as the figure in would indicate. 
of the commercial compacts are due chiefly to the 
much smaller original pore radius ry. Indeed, if r, is 
approximately a few microns instead of 10, as in 
the experiment described above, a simple calculation 
would reveal that the time necessary to close such 
pores completely would be of the order of a few hours. 
The original pores are smaller because the particles 
of the powders used in powder metallurgical practice 
are never uniform in size. The fine particles tend 
to fill the large pores between the large particles. 


Pressing, which precedes practically every sintering 


operation, reduces the pore size still further. Slightly 


pressed coarse-powder compacts, such as those 


studied by Rhines et al.,“®) sinter much more slowly, 
The latter 


phenomenon is due to non-uniformity of pore diameter. 


with the development of large pores. 


Small pores, on shrinking, deposit—so to speak—their 


vacancies in the pores of large curvature; or, in other 


PARTI( 


words, the atoms on the walls of large cavities 


dissolve in the grain boundaries and are deposited in 


smaller voids 
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THE GROWTH OF WHISKERS BY THE REDUCTION OF METAL SALTS* 
SIDNEY S. BRENNER? 


The conditions for the growth of Fe, Cu, Ag, Ni, Co, Pt, and Au whiskers by the reduction of their 
halides are described. It is shown, at least in the case of copper, that the whiskers grow from the tip, and 
there seems little doubt that the growth occurs by the condensation of freshly-formed metal vapor. The 
supersaturation of the metal vapor appears to be extremely high during the whisker growth. Whiskers 
with a large variety of shapes and perfection grow under these conditions. Of greatest interest are the 
near-perfect whiskers which exhibit high strength and are bound by smooth planes. Whiskers larger 
than 8 yu are rarely near-perfect. 


LA CROISSANCE DE BARBES PAR LA REDUCTION DE SELS METALLIQUES 

Les conditions de croissance des barbes de Fe, Cu, Hg, Ni, Co, Pt, et Au pour la réduction de leurs 
halogénures sont décrites. 

On montre que, dans le cas du Cu tout au moins, les barbes croissent a partir de lextrémité et il 
semble y avoir de doute que la croissance s’effectue par la condensation de vapeur métallique fraichement 
formee. 

La sursaturation de la vapeur métallique se révele trés élevée pendant la croissance de la barbe. 

Des barbes de formes et de perfection trés variables croissent dans ces conditions. 

Les barbes presque parfaites sont du plus haut intérét, car elles montrent une résistance élevée et sont 
limitées par des plans. 


Des barbes d’une longueur supérieure a 8 44 ont rarement une perfection tres élevée. 


DAS WACHSEN VON “WHISKERS” DURCH REDUKTION VON METALLSALZEN 


Es werden die Wachstumsbedingungen fiir *‘Whisker’’ aus Fe, Cu, Ag, Ni, Co, Pt, und Au beschrieben, 
die durch Reduktion der Halogenide erzeugt werden. Es hat sich gezeigt, dass mindestens im Fall des 
Kupfers die Whiskers von der Spitze her wachsen und es bestehen wenig Zweifel, dass das Wachstum 
durch die Kondensation von frisch gebildetem Metalldampf erfolgt. Die Ubersattigung des Metalldampfes 
scheint wahrend des Whiskerwachstums extrem gross zu sein. Unter diesen Bedingungen wachsen 
Whiskers in einer grossen Vielfalt beziiglich ihrer Form und Fehlerfreiheit. Von grésstem Interesse sind 
die ‘‘fast fehlerfreien’’ Whisker, die eine grosse Festigkeit aufweisen und die durch glatte Ebenen 
begrenzt werden. Whisker, die grésser als 8 4 sind, sind selten ‘‘fast fehlerfrei’’. 


INTRODUCTION Kohlschiitter’ briefly reported that silver and 


filaments can also be grown from AgCl and 


have been grown by the reduction of some of their CuCl. He speculated that in this case the growth may 
salts as far back as 1877." Of special interest was the be due to metal-vapor condensation. 
srowth of interwoven, cotton-like silver fibers More recent examples of whisker growth by the 
(Haarsilber) by the reduction or oxidation of silver reduction of metallic salts were found by Gatti and 
sulfide. This phenomenon was investigated by many Fullman’®) and Everett and Amick.‘ Gatti and 
authors. A growth mechanism was postulated by Fullman grew iron whiskers by hydrogen reduction of 

Kohlschiitter™ in 1932, and later supplemented by ferric hydroxide precipitated from iron chloride 
C. Wagner. These authors proposed that the we solution. It was demonstrated by Doremus and 

silver ions and electrons, formed on the sulfide surface 7S that whiskers did not grow by reduction of a 
by the reduction or oxidation. migrate in the sulfide well-washed precipitate. It was therefore deduced 
until they can attach themselves to a metallic silver that an iron chloride was the active ingredient. 

nucleus. If the nucleus lies at the surface and the Everett and Amick obtained silicon fibers by 


reducing diluted SiCl, with zinc. Both the iron and 


silver ions are furnished at the base, the nucleus can 
be pushed out, forming a filament silicon fibers were shown to be single crystals. The iron 
These filaments were found to be polycrystalline, whiskers, up to several cm in length, were reported to 
having a fiber structure with the axis parallel to the be bounded by four (100) planes. The silicon fibers up 
[112] direction. Upon heating to 900°C, the orientation to 1 em in length were parallel to the [111] direction. 
became random Perhaps the most unusual property of the iron 
c . 


whiskers grown by Gatti and Fullman was their 
* Received July 21, 1955. 
+ General Electric Research Laboratory, Schenectady, 
i ale. strains in excess of 1.4 per cent were reported.‘? 
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remarkable strength in bending. Elastic bending 


BRENNER: GROWTH OF WHISKERS 
The high bending strength of metal whiskers was first 
pointed out by Herring and Galt ®) for tin whiskers 
grown from tin plate.» } The high strength can be 
explained by assuming a low dislocation density 
(near-perfection) inthe whisker. In the case of mercury 
whiskers grown by condensation from the pure vapor, 
Sears") proposed that in the ideal situation the 
whiskers contained one axial screw dislocation. 

It is the purpose of this paper to report that many 
metals can be grown in the form of whiskers by the 
reduction of metal salts, particularly the halides. It is 
shown that, at least in the case of copper whiskers 
grown from Cul, the growth proceeds at the tip. 
The growth process and properties of some of the 


whiskers, especially copper, are discussed. 


EXPERIMENTAL 
Growth 
The apparatus used for the growth of the whiskers 
It consisted simply of a tube furnace 
containing either a quartz or mullite tube. A boat 
filled with the halide was pushed into the furnace by 
Hydrogen at a measured 


is shown in Fig. 1. 


means of a tungsten rod. 
flow-rate was passed through the tube except in the 
case of gold and platinum, where reduction was carried 
out by thermal decomposition. The gaseous products 
were bubbled through water to separate the hydrogen 
halide. 

When the reduction was stopped, the boat was 
pulled into the cooling chamber, the tube was flushed 
with helium, and the sample removed. 

Vacuum pumps, manometers, and a palladium 
hydrogen bleeder were used to determine the effect of 
low pressure and small flow-rate. 

For visual observation of the whisker growth the 
reduction was carried out in the more elaborate 
apparatus shown in Fig. 2. Its construction prevented 
fogging of the viewing window and allowed the access 
of sufficient light. 

A Bausch and Lomb stereoscopic microscope with a 
magnification of up to 120> was used to examine the 


To measure the diameters of the fine 


reduced halide. 
whiskers and to examine their surface and geometry, 


—BOAT FILLED WITH HALIDE 
FURNACE 


-QUARTZ OR MULLITE TUBE 
= 
G 


COOLIN 
CHAMBER 


CONTROL TC 


Whisker growth apparatus. 


BY REDUCTION 


| THERMOCOUPLE 


2 


Whiske1 


visual observation. 


growtn 


apparatus f¢ 


a high-powered microscope and an elec tron microst ope 


were used. 


Ray Diffraction 

X-ray diffraction patterns were obtained from some 
of the whiskers for identification, crystallography, and 
Laue cameras 


crystal perfection. Both rotation and 


were used. 


NStre ngth Mi asurements 


The elastic strength of the whiskers was dete 
by measuring the radius of curvature a whiske 
sustain without deformation. The elastic b 
strain is given by 


R 


where r radius of whiske1 


R radius of curvature 
RESULTS 
Growth 


from 


STOWN 


Whiskers of the followiny metals were 
their halides: 
Fe 


Hydrogen reduction: Cu, Ni, Co 


Thermal reduction: Au, Pt 

Table 1 lists the halides from which these whiskers 
were grown, and the temperature range of reduction. 
The equilibrium vapor pressure of the halide and 


metal at the optimum temperature of reduction is 
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included. All of the halides were analytical reagent 


grade, and were not further purified. 


Copper, silver, and iron whiskers were grown from 


several of their halides. However, best results were 
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Only the chlorides were used in growing the gold 
and platinum whiskers. Examples of the copper, 
silver, platinum, and cobalt whiskers are shown in 


Figs. 3-6. 


Copper whiskers grown from Cul. Mag. 20 


obtained with the one indicated in Table 1. In no case 
was it possible to grow whiskers from the more stable 


fluorides. 


The shape of the whiskers varied greatly. In 
addition to straight and kinked whiskers, numerous 


odd shapes were observed. The regularity of the 


TABLE | 


Temperature range 


Metal Halide (°C) 


430-850 


700-900 


730 
760 (low H, flow) 


740 
650 
800 


550 


* Best results. 


Optimum 
temperature 


Maximum 
length 
(mm) 


Po halide 
(mm Hg) 


Po metal (13) 
(mm Hg) 


10.4 (12) 


0.14 (15) 


59 (17) 

68 (15)t 

8 (15)t 
Decomposes 


Decomposes 


+ Vapor pressure only approximate because of insufficient data. 


|; 
| Cul* 
AgC|* 
Ag 800 ~10 3.71 10-° 
Ni NiBr, 2 8.18 10-15 
Co CoBr, i 3 
Pt PtCl 3 71.23 
Au AuCl 2 8.58 10-15 


BRENNER: GROWTH OF WHISKERS B 


Fic. 4. Silver whiskers grown from AgCl. Mag. 20». ‘1G. 6. Cobalt whisker grown from CoBr,. Mag 


Platinum whiskers grown from PtCl, at 
Mag. 60 
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Fic. 8. Silver twist. Mag. 250 


Silver twist showing flat facets. Mag. 150 
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Fic. 10. Tip of silver whisker grown from AgCl 
at 660°C. Mag. 60 


growth pattern was often remarkable. 


was made to explain these shapes. 

At this point, it may be appropriate to define the 
term includes 
fibrous growth of all shapes, both single crystals and 


“whisker” as used in this paper. It 


polycrystals, the only restriction being a high length- 
to-diameter ratio. 


Fic. 11. Stack of silver plates grown from 
AgCl AglI at 660°C. Mag. 60 


WHISKERS B 


Some of the 
growth shapes are shown in Figs. 7-13. No attempt 


REDUCTION OF 


Fic. 12. 


Kinked and distorted copper whisker grown 
at 820°C. Mag. 13.3 


The 


whiskers varied greatly from one metal to another. 


maximum size and ease of growth of the 


While a great number of long copper, silver, and iron 
whiskers grew from each charge, only a few small 
whiskers of nickel, cobalt, and gold (up to 1 to 2 mm 
in length) could be grown during each reduction. 
Studies were, therefore, mainly restricted to the growth 


and properties of copper whiskers. 


Platinum tube 
at mag, OU 


oTown 


from PtCl, 


me 
4 
1056 


ACTA METALLURGICA, 


Fig. 14. 


Growth of copper whiskers from cotton-like 


coppel deposit. 610°C. Mag. 60 


COPPER WHISKERS 
Growth 
Copper whiskers were grown by hydrogen reduction 
of CuCl, CuBr, and Cul. 


This salt melts at 588°C and has a vapor 


Best results were obtained 
with Cul 
pressure in excess of 1 mm above this temperature. 
The vapor pressure, as a function of temperature, is 
reported by Jellineck and Rudat"* to be as follows: 
pressure 
Cu 
10 
1O 
10 
10 
10-% 
10-11 
10 


(mm) 


The equilibrium vapor pressure of Cu as taken from 
Smithells“*) is included for reference. 


Jellineck and Rudat believe that cuprous-iodide 


almost entirely of the monomer. 
the Cul to C 


iodide 


vapor consists 


Dissociation ot and 
At the 


» LO-? mm. 


I, is neglivible. 


dissociation pressure is only 


Copper whiskers were grown in the temperature 
range of 430 to 850°C. The reduction of the Cul occurs 
very readily at the higher temperatures, and much 
Whereas the 


less so at the lower 
S50 the 


1 ‘mperat ures. 


reduction would take minutes at same 
charge required several days to be appreciably reduced 
at 450°C, 

After reduction, the boat contained some massively 
reduced copper at the bottom. fine copper powder 
deposited along the walls, and whiskers growing from 


the sides. Visual observation of the whisker-growth 
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Similar to Fig. 14. Mag. 3500 » 


Fic. 15. 


as follows. 
Cul 


sufficiently, small copper particles deposited along the 


at 630°C indicated the sequence to be 


As soon as the boat containing the heated 


walls of the boat. Shortly thereafter fine, vibrating 
copper whiskers were observed growing out from the 
of the After 


appeared to stop growing in length and began to 


sides boat. some time the whiskers 


broaden. At the same time other growth phenomena 


were obse ed. ot cotton-like copper sembling 


often formed, from which whiskers 


This phenomenon is illustrated 


cactus-growt h 


would grow out. 


in Figs. 14 and 15. A peculiar growth pattern was 


chad 


Octahedral copper particles deposited along 
walls of boat at 850°C. Mag. 26 


| 
ry 
< 
x 
» 
a. 
Fic. 16. 
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Hexagonal cross-section of Cu whisker. 
Mag. 60 
sometimes observed whereby a small rotating particle 
at the tip of a whisker appeared to weave out an 
Welding of one whisker 


to another occurred when they came in contact. 


irregular strand of copper. 


Straight whiskers up to 5 cm in length and 1 to 200 
microns in width were observed. 

A number of the whiskers exhibited growth kinks. 
The distribution of the kink angles was not determined: 
however, 90° angles were frequently observed. 
effect on 
whiskers. At 


Temperature had a _ pronounced the 
the 


temperatures (430 to 700°C) the majority of the 


appearance and size of lower 
whiskers were straight, narrow, and exhibited little 
overgrowth. From 700 to 850°C the whiskers were 
coarse and overgrown, and were frequently kinked 
and distorted. Above 850°C whiskers could only be 
observed occasionally. Instead, small, well-developed 
octahedral copper particles, as shown in Fig. 16, were 
observed along the walls of the boat. 

The well-developed whiskers appeared to be pre- 
(Fig. 17). 


When the iodide reduction was carried out for longer 


dominantly hexagonal in cross-section 
periods at temperatures below 600°C, the whiskers 
had a tendency to broaden into blades. The cross- 
section of a hexagonal whisker which began to broaden 


Growth markings on copper blade. 


WHISKERS 


BY REDUCTION OF MET 


Fic. 18. Cross-section of hexagonal whisker 


broadening into a blade. Mag. 60 


into a blade is shown in Fig. 18. Blades 5 ecm long and 
0.5 mm in width have been grown from Cul at 600°C 
Some of these blades exhibited growth markings on 


their surfaces, as illustrated in Fig. 19. 


Hydroge n Flow-rate and Pressure 

The flow-rate or partial pressure of the hydrogen 
had little effect on the whisker growth as long as they 
were above certain values. No whiskers could be 
grown from CuCl at 754°C when the hydrogen partial 
pressure was below 0.125 atm. Similarly, no whiskers 
620°C when the lineal 


Above 


pressure 


could be grown from Cul at 
velocity of the hydrogen was below 3 cm/sec 


these values variations in hydrogen flow or 


(up to 100 cm Hg) had little or no effect, except in the 


case of iron whiskers grown from FeBrg, where a low 


hydrogen flow was favorable. 


Crystallography 
X-ray Laue and rotation patterns indicated 


the 


that 


straight, well-developed whiskers were single 


Mag. 100 


AL SALTS 69 
4 
ite 
A 


70 ACTA METALLURGICA, 


Some distortion of the crystal lattice was 


-10 


crystals. 
evident at the larger sizes ( The distortion 
was more prevalent with the silver whiskers. 

The of the 


constant. Of ten samples, the following distribution 


fiber axis copper whiskers was not 
was found. 

[111] 4 

| ] 

{110} 


{100} ] 


Four silver whiskers were examined, indicating three 
[100] fiber axis and one [110] axis. Two iron whiskers 
both showed a [100] fiber axis. The accuracy of the 
determinations was within two degrees. 

An interesting feature of the whisker blades was the 


fact that the broad sides always corresponded to (110) 


Fic. 20. Surface of copper whisker. Mag. 40,000 


planes. Apparently the whiskers were predominantly 


bounded by these planes. 


Gre Rate 


An attempt was made to measure the growth-rate 
of the whiskers by means of motion pictures. This was 
difficult, due to the fact that the whiskers vibrated 
considerably at the start of the growth and infrequently 
grew in a horizontal plane. An approximate value of 
the growth-rate was obtained by reducing the Cul for 
a short period and measuring the length of the longest 
whisker. The minimum possible growth-rate thus 
determined varied irregularly from 4 to 23 microns 
per sec in the temperature range 550 to 670°C, One 
particular whisker, 5.5 microns in width, grew 14 mm 


in 10 minutes (23 y/sec) at 670°C. The axis of this 


whisker was parallel to the [111] direction. 
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Fic. 21. 


Whisker nucleating on a whisker. 
Mag. 400 


Surface and Ends of Whiskers 

The surface of the whiskers varied from coarse and 
overgrown to extremely smooth. The surface of one 
whisker magnified 40,000 


irregularity of 25 A would be visible at this magnifi- 


is shown in Fig. 20. An 


cation. On other whiskers, nuclei of whisker branches 


such as shown in Fig. 21 could sometimes be observed. 


22. Tip of silver whisker. Mag. 400 


F 
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: 
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Fic. 23. Tip of copper whisker. Mag. 830 


The appearance of the whisker tips was irregular 
Examples are shown in Figs. 22, 23, and 24. Some- 
times the tip came to a point as shown schematically 
in Fig. 25. 

The surfaces of the whiskers after removal from the 
furnace were highly reflectant, but soon tarnished if 
left exposed to humid air. 


Elastic Bending Strain 


The elastic bending strains of a large number of the 


well-developed whiskers were determined Strains of 


up to 2 per cent were measured. Fig. 26 shows a coppet 


Tip of copper whisker. Mag. 10,000 x. Fig, 26. Copper 
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There appeared to be a size-effect on the strength 
f the whisker; copper whiskers larger than 8 wu were 
usually not highly elastic. The strong whiskers have 
been defined as near perfect. 

The distorted 
little elastic strength, and are probably no stronger 


overgrown and whiskers exhibited 
than bulk copper. 


DISCUSSION 


The growth mechanism of whiskers such as mercury 
grown from the pure vapor phase has been adequately 
described by Sears.“ Sears postulated the following 
growth sequence. The supersaturated mercury vapor 
condenses around a screw dislocation emerging from a 
crystalline region of the container wall. Once started 
the whisker grows by means of metal atoms adsorbing 
on the whisker surface, which then migrate to the tip, 
where they are incorporated around the emerging 
screw dislocation. The primary requisite for the 
growth of whiskers is that the pressure is such that 
the two-dimensional nucleation frequency is negligible. 

The supersaturation required for coherent two- 
dimensional nucleation can be shown to be 


7ao-M 
In « 


pkRT* In 
where « supersaturation ratio 

pe 

interplanar distance 
surface energy 
molecular weight 
density 


constant ~10? 


nucleation rate—nuclei/cm2/sec 


For non-coherent two-dimensional nucleation, a grain 
boundary has to be introduced. The supersaturation 
required to give the equivalent nucleation rate is only 


slightly higher than that required for coherent 


nucleation.‘ 
atom becomes 


Assuming that striking 


adsorbed, the 


every 


axial growth-rate of the whiskers 


describe d bv Sears was calculated to be 


ro N 


where / mean free path of the adsorbed atoms 
r whisker radius 
l length of whisker 
The growth of whiskers by the reduction of volatile 


metal salts is more difficult to interpret. For instance, 
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in the case of Cul there are present Cul,,) or Cul,,), 
Cul,,), Cuy,), Cu,,), He, HI. 


growth proceeds at the tip is shown fairly conclusively 


and That the whisker 
in Fig. 27. Pictures of a growing kinked whisker were 
taken as a function of time. The distance from the 
kink to the base did not change perceptibly, indicating 
that 
seems to be little doubt that the whisker grew by 


material was not furnished at the base. There 
condensation of metal vapor. Although it is unlikely 
that 


reasonable to assume that the axial growth process is 


the whisker in Fig. 27 was near-perfect, it is 
the same for all whiskers. 

The supersaturation ratio « of the freshly formed 
the Cul-Cu 


surface probably varies as shown in Fig. 28. Very near 


copper as a function of distance from 
the surface « is almost unity, because of the massively 
reduced copper which acts as a deposition sink. A 
small distance away « increases rapidly and finally 
decreases again beyond point a. 

The shape of the curve and the maximum super- 
saturation is determined by the rates of evaporation 
and reduction of the Cul. Little is known concerning 
the kinetics of the Cul reduction. 
point the reduction is very rapid, and the Cu vapor 


Above its melting- 


pressure is probably determined mainly by the rate of 
evaporation of the Cul. 

The supersaturation of the copper vapor during the 
whisker growth appears to be extremely high. An 
approximation of the supersaturation can be obtained 
by calculating the impingement rate that is required 
to give the observed growth-rate of 23 /sec at 943°K. 
Although the crowth process is most likely more 
complicated than adsorption of atoms on the whisker 
surface, migration of these atoms to the tip, and 
finally incorporation at the tip, this model indicates 
the order of magnitude of the required supersaturation. 
Assuming then that the whisker radius initially was 
10-® em and letting 7 1 mm, from eq. (2), the 
sup rsaturation near the surface is ~10*. The values 
of the radius r and mean free path A were so chosen to 
minimize the supersaturation required for the given 
axial growth-rate. The supersaturation of the copper 
on the surface near the tip is undoubtedly less because 
of the tip which acts as a deposition sink; however, 
the supersaturation on the surface further away from 
the tip may well be the same as in the vapor phase 
~104. 

A supersaturation of 104 can be obtained without 
difficulty during the Cul reduction. The maximum 


obtainable supersat uration appre vaches 


Po Cul 
Po Cu 


12 
(1) 
4 
B 
N 
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Growth sequence of a kinked copper whisker grow1 


where Po Cul and Po Cu are the equilibrium vapor Since well-developed whiskers bound 
pressure of Cul and Cu respectively. At 943°K this planes grew in th presence of high super 
ratio is 2 10'°, a million times larger than that one is forced to conclude ¢ 
which is required. mechanism of these whisk 

The frequent appearance of overgrowth, especially 


at the higher temperatures, can now be understood. 


VAPOR 


With a supersaturation of 104 the coherent nucleation 


Cu 


rate at 943°K with o 1900 ergs/em? (18) and 
a 256 A (410) equals from eq. (1) 2.2 1010 
nuclei/em?/sec. The non-coherent nucleation rate is 
only a small amount less. 

At the higher temperatures the supersaturation is 
most likely still greater than 10+, and it is believed 


that the octahedral copper particles shown in Fig. 18 


SUPERSATURATION OF 


form by homogeneous three-dimensional nucleation 


At 1123°K the supersaturation required for homo- stance 


geneous three-dimensional nucleation calculated from 


an equation similar to (2) is 3 10°, 
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postulated by Sears, or that two-dimensional nucle- 
ation is more difficult than described by equation (23. 
One possibility is that the surface of the whisker is 
covered by an adsorbed layer of gas molecules such as 
H]I, 
nucleation frequency of the copper sufficiently to 
free of 


lowering the non-coherent two-dimensional 


allow the growth of some whiskers, over- 
growth. 

Formation of the whiskers always occurred on 
and the 


In addition to porcelain, substrates of Pyrex, 


deposited copper, initial substrate had no 
effect. 
quartz, metal, and firebrick were used. One possible 
method of formation has been described by Brenner 
and Sears.“® Briefly, it was proposed that, when the 
metal surface presents a low dislocation density, an 


This hill 


then readily grows out from the surface into a fiber 


isolated dislocation can form a growth hill. 


because of the change in the concentration con- 


figuration of the copper in the vapor surrounding the 


growth cone and fiber. Essentially it is dentritic 


growth in the vapor, the diffusion barrier being 


created by the foreign gases such as H, and HI. 


It is more difficult 
the axial growth. As Figs. 22 and 23 show, disturb- 
ances at the tip of some of the whiskers can be 
observed. In the absence of these disturbances the 
axial growth may be limited by the decrease of the 
supersaturation at a distance (Fig. 28) from the Cu-Cul 
surface. It has been noticed that many of the longer 
whiskers grow at a small angle to the Cu-Cul surface. 

The apparent decrease in the bending strength ot 
when the diameter exceeds about 8 L, 


the subject 


Cu whiskers, 
requires further elucidation, and will be 


of a future paper. 
CONCLUSIONS 


The growth of whiskers by the reduction of volatile 
metallic salts such as the halides seems to be a general 
phenomenon. It has been shown that the growth of 
the whiskers proceeds at the tip, and there seems 
little doubt that material is furnished by condensation 


of the freshly formed metal vapor. 


METALLURGICA, 


to understand the cessation of 
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The growth-rate of the whiskers requires a high 
supersaturation, far in excess of that required for 


two-dimensional nucleation from the pure vapor. 


Under these conditions many perplexing growth-forms 
occur, in addition to the straight and smoothly bound 
whiskers. 

The thin, smoothly bound whiskers exhibit bending 


strains in excess of 1.5 per cent indicating near- 


perfection. There seems to be a size-dependence on 


the strength which will be investigated further. 
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THE KINETICS OF RECOVERY AND RECRYSTALLIZATION OF COPPER 
FROM HARDNESS AND THERMOELECTRIC-POWER MEASUREMENTS 


T. LL. RICHARDS,}+ S. F. PUGH,?+ and H. J. STOKES 


Annealing of H.C. copper strip cold-rolled with reductior 
has been studied as a rate process by parallel observation 
power. In accordance with earlier investigations, chang 
fraction of metal recrystallized, while thermoelectric powe1 
elastic lattice strain. While the hardness— isothermal anneali1 


al 


a definite discontinuity indicative of two processes, such as recove 


zation, the thermoelectric power curve is, in agreement with | 


first order. The rate of decrease of average lattice strain duri g both p 

is apparently governed by similar processes of dislocation migratior 

strip is more complex; hardness and thermoelectric power curves, how: 

of the curves, outlined in an appendix, indicates that the dominant proces 
agreement with previous findings. The second-order character follows 
that decrease in thermoelectric power and softening occurs by direct intera 
stress fields associated with stable arrays of dislocations at grain interfaces. It 


concept is also consistent with recrystallization as a process of nucleation and growt! 


CINETIQUE DE LA RESTAURATION ET DE LA RECRISTALLISATION DI 
PAR MESURE DE DURETE ET DU POUVOIR THERMOELECTRIQUE 
Le recuit de bandes laminées a froid en cuivre HC aprés réduction d’épaisseur 
été étudié par mesure des changements de dureté et du pouvoir thermoélectriqu 
d’anciennes mesures, le changement de dureté est proportionne | au pourcentage au 1 
tandis que le pouvoir thermoélectrique est supposé dépendre directement des déformations réticulaire 
résiduelles. Tandis que les courbes de dureté apres rec uit de bandes laminées a 50 montrent ine 
discontinuité bien définie caractéristique de deux processus tels que restauration 
recristallisation, la courbe du pouvoir thermoélectrique est, conformément aux 
le Brindley, du premier ordre. La vitesse de décroissance cle la def 
pendant la polygonisation et la recristallisation, est apparemment r¢ 
la migration des dislocations. Le recuit des bandes fortement laminées est plus « 
de dureté et du pouvoir thermoélectrique sont néanmoins identiques et leur ana 
appendice, indique que le mécanisme prépondérant est du second 
antérieures. Ce caractére est la conséquence naturelle de Vidé 
électrique et celle de la dureté sont dues a l’interaction 
associées aux répartitions stables de dislocations dans 
conception est en accord avec le mécanisme de gern 
£R DIE KINETIK DES ERHOLUNGS- UND REKRISTALLISATIONSVORGAN( 
KUPFER HERGELEITET AUS HARTEMESSUNGEN UND BESTIMMUNGEN 
DER THERMOKRAFT 
Durch gleichzeitige Beobachtung der Harteainderungen u 
die Zeitabhangigkeit des Anlassvorganges von Walzbar 
Verformungsgrad von 50 und 96‘ Dickenabnahme w 
Untersuchungen wird angenommen, dass die Hartear 
Metalles ist, wahrend die Thermokraft in direkt 
spannungen steht. Wahrend die Harte kurve beim isotl 
eine definierte Unstetigkeit aufweist, die zwei Vorga 
und die Rekristallisation—ist die Kurve der Then 


Folgerungen von Brindley, pseudo erster Ordnung 


ronistion 


lichen Gitterspannungen wahrend der Poly 
sichtlich durch ahnliche Vorgange ce r Verse tzungswanae 

stark verformten Bander sind wesentlich verwickelter; 

jedoch identisch. Eine Analyse dieser Kurven, die im Anhar 
Vorgang ein Prozess zweiter Ordnung ist, was mit friiheren Be 
Vorgang ein Prozess zweiter Ordnung ist, folgt naturgemass 
Thermokraft und die Harteabnahme durch direkte Wechselwi 
feldern vorsichgehen unter gleichzeitigem Auftreten von stab 
flachen der Koérner. Es wird gezeigt, dass diese Vorstellu 
Keimbildungs- und Wachstumsvorgang im Ubereinstimmung ist. 


* Received October 27, 1954. Former! 
+ Research Department, Imperial Chemical Industrie Establishment 
Ltd., Metals Division, Birmingham, England. 
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1. INTRODUCTION 


From analvses of observations of the 


re rvstallization, made directly or by following 
changes of various mechanical and physical properties, 
different investigators have concluded that recrystal- 
2) 


lization simulates a rate process of either the first wf, 


second.) or third™ order. The divergent conclusions 


can be quite rationally explained on nucleation and 
crowth theories,’°) but it is difficult to express such 
theories in terms of the more elemental and more 
widely applicable dislocation theory. 


Changes in the observed values of different pro- 


perties of the same cold-worked metal on annealing 


may occur at distinctly different rates, and, in 


attempting to analyse annealing curves, such differ- 


ences must be taken into consideration. Some pro- 


perties, for example, may be purely dependent on 
dislocation density, while others are affected by their 
distribution; or alternatively, as has been suggested,‘ 
while changes in one property may be associated 


other 
lattice 


behavior of dislocations, those in 


with pro- 


perties may be more directly related to 
vacancies. Also the analysis of the form of annealing 
curves is highly dependent on the accuracy of the 
curves themselves, so that if such analysis is to have 
real significance it is desirable to select for observation 
a property which not only can be measured with 
sufficient accuracy, but which is quite representative 
of the average condition of the specimen examined. 
Furthermore, in the analysis, the possibility that more 
than one process is involved must be given considera- 
tion, and the problem treated accordingly. 

The work described in the present paper was under- 
taken primarily with the object of studying recrystal- 
lization as a rate process, but a secondary objective 
was to explain the apparently conflicting observations 
Richards‘®) on the 
The latter 


heavily cold- 


of Brindley’ and of Cook and 


recrystallization behavior of copper. 


determined recrystallization rate in 


rolled copper strip by hardness measurements which 
they had first correlated with the proportion of each 
sample recrystallized, estimated by direct observation 


f the coppel used 


per cent 


0.0002 Arsenic 0.0005 
Bismuth 0.000] 
Selenium Nil 
Tellurium Nil 
Phosphorus Nil 
0.0010 
0.032 


0.0002 


[roi 0.0010 


Nicke 
Manganese 
Silver 


Antimony. 


0.0005 
0.0005 
0.0022 Sulphur 


0.000] Oxygen 


rate of 
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of changes in microstructure. From an analysis of 
their results they showed that the softening rate 
conformed to that of a second-order process, and 
therefore proposed a two-stage mechanism involving 
recovery and recrystallization. On the other hand, 
Brindley’s® analysis of annealing curves determined 
by Brandsma‘’ from thermoelectric-power measure- 
ments indicated a single first-order process. It was 
significant that, in their work on kinetics, Cook and 
Richards‘ dealt specifically with recrystallization of 
copper to cube-texture, while Brandsma’s experi- 
ments’? were, in all probability, concerned with 
recrystallization to random or to retained rolling 
texture. 

the investigation, it was clearly 
that 


measurements should be made on the same specimens 


For present 


desirable thermoelectric-power and hardness 
and on material prepared so as to recrystallize in 
characteristically different 
two batches of cold-rolled H.C. copper strip were 


manners. Accordingly, 
produced in such a way that one recrystallized to 


cube-texture and the other to a random structure. 


2. PREPARATION OF MATERIAL 


A cast slab of tough-pitch copper of H.C. quality 
and composition indicated in Table 1 was hot-rolled 
The 


3 hr and 


from an initial thickness of 3?in. to 1} in. 


material was then annealed at 500°C for 
cold-rolled to 0.75 in., the direction of cold-rolling at 
this and all subsequent stages being transverse to that 
of the initial hot-rolling. Strip for the experimental 
work at a thickness of 0.030 in. was then prepared in 


the two following ways: 


(a) Strip of Random Structure 

Strip, for the annealing experiments on material 
recrystallizing to random texture, was prepared from 
the 0.75 in. cold-rolled stock by annealing at 900°C, 
and then cold-rolling to the final gauge of 0.030 in. 
500°C at 
The 0.030 in. strip was then 


with intermediate anneals at gauges of 
0.150 in. and 0.060 in. 
sheared to } in. 


widths. Some of the material was 
annealed at 350°C for use as reference leads, while the 
remainder was retained in the hard-rolled condition 


for the annealing experiments. 


(b) Hard-Rolled Strip for Recrystallization to Cube 
Texture 
Part of the 0.75 in. cold-rolled stock was annealed 
at 350°C to a grain size of 0.015 mm, and then rolled 
without further annealing to 0.030in. Since this 
material recrystallizes slowly at room temperature,‘®) 


the rolling was interrupted at a thickness of 0.15 in., 


Taste 1. Composition 
per cent 

Lead 
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rolling to final gauge being carried out immediately TaBLE 2. Diamond pyramid hardnes 


power values on annealing at 180° 


prior to the annealing experiments. cold-rolled 50 per cent reduction it 


3. EXPERIMENTAL PROCEDURE amond pyramid 
hardness 
(a) Thermoelectric- Power Measurement 


isothermal 
Observed 


D.P. 
No 


The thermoelectric power measurements were made 


annealing 
with a Paschen astatic galvanometer, the control at 180°C 
magnets being adjusted so as to provide a sensitivity cies 
of 3.4 x 10-* volts/mm deflection. Since, with a 
temperature difference of 5°C between the junction of 
a cold-worked annealed copper thermocouple, an e.m_f. 
greater than 10-7 volts is developed, the error in its 
measurement is thus about | per cent. The galvano- 
meter and leads were contained in a constant- 
temperature enclosure, on a heavy mounting to reduce 
vibration. The }in. wide strip sample formed the 
detachable short element of a differential thermo- 
couple, being bolted to annealed copper reference 
leads so that it could be removed for annealing 
treatment. A temperature difference was maintained 
between the junctions by immersing one of them in 
an oil-bath at room temperature, and the other in a 
bath about 5°C higher, the exact difference in tempera- 
ture being measured by means of a chromel-alumel 69.0 
61.8 


thermocouple calibrated against a Beckmann thermo- 


meter 7 
(b) Determination of Isothermal Annealing Curves 
The progress of isothermal annealing of the strip 
reduced 50 per cent by cold-rolling, which recrystal- 
lized to a random crystal orientation, was followed by 
measuring thermoelectric power with respect to the 


fully annealed reference leads of random crystal 
orientation, and by D.P. hardness measurements after . 
successive ten-minute annealing periods in an air Strip reduced 96 per cent by rolling, which re¢ 
circulation oven at 180°C. lized to cube-texture on annealing 

In order to maintain a steady and uniform temper- a U-shaped specimen, and thermoelectric pow 
ature and to hasten the attainment of thermal measured against random-orientation copper ret 
equilibrium, the specimen was inserted in a narrow leads. Annealing of this strip was effected 
space between two slabs of copper maintained water, measurements being mad 
continuously at a steady temperature in the oven. five-minute annealing periods until no further 
At the end of each annealing period the specimen was _ in properties took place 
water-quenched. The cold-rolled strip, bent into a the periods were increased, since the 
U-shape with arms 5 in. long, had holes drilled at the was slowel 
ends in order to bolt it to the reference leads, the thin The observed values of 
oxide film formed during annealing being first removed electric power are recorded i 
at the contact points by rubbing lightly with metal which it should be noted that 
polish. The sole purpose of the polishing was to ensure thermoelectric power in Tabl 
good electrical contact, any mechanical working of quantity. For the purpose of compariso1 


the surface having no effect, provided the whole change in hardness and thermoelectric 


junction was at uniform temperature. Hardness values of these quantities are also expressed In 


measurements were also made on the same sample and 3 as the percentages of the total chang 


after each annealing period. annealing from initial value to an asymptoti 
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sa 1 thermoetectriu 
for opper striy 
thi ness 

Per cent Per cent 
tota Observed i 
hange oO! LO I ore 
unnealing olts ‘ 
123 0.9295 
LOO LOO 
960.2 
91.8 £.50 80.8 
SOO 1.78 87.4 
91.8 S1.4 
90.4 19.2 
91.8 1.26 15.9 
87.6 3.96 68.8 
$6.3 3.66 62.0 
87.6 3.40 7.0 
86.3 2.0 
R305 3.00 $5.8 
75.3 2.90 14.5 
79.4 2.78 12.0 
61.4 2 56 37.0 
$5.4 2.04 
10.3 2.24 29.8 
35.6 1.90 2 2 
27.8 1.72 17.6 
27.9 1.48 12.6 
25.0 1.42 
Cc 15.7 1.38 10.3 
4 13.2 1.08 5] 
7.0 1.08 3 
8.7 L.Ov | 
2.3 0.96 0.8 
0.6 0.96 0.8 
0) O.88* 1.0 
1 
na 
( 
erm< 
{ 
+ +} 
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TABLE 3. 


power values on 


Diamond pyramid hardness and thermoelectric- 
100°C for H.C. 
cold-rolled 96 per cent reduction in thickness 


annealing at copper strip 


Diamond pyramid 
hardness 
Time of 
isothermal ray Per cent 

bserver 

total 
D.P. 
change on 
No 


annealing 


annealing 
at 100°C 
(min) 


Observed 
10 


volts 
per cent 


(126 44) 


LOO 

USS 
96.3 
96.3 
97.6 
93.8 82.58 
90,2 83.68 
80.00 
76.12 


66.39 


93.38 


56.52 
$4.14 
34.93 
27.50 
20.84 
16.96 
13.45 
10.68 


power was 


] 


value derived from a smooth curve through experi- 


mental points. Isothermal annealing curves have been 
drawn in Fig. | from both the hardness and thermo- 
‘lectric-power measurements on strip, rolled 50 per 
Since, apart from a small initial lag in hardness 
he corresponding curves for strip, rolled 96 
are ¢ xceedingly close to each other, in order 
confusion only the more accurate thermo- 


ywer curve is plotted in Fig. 2 


4. ANALYSIS 


Analysis of the recrystallization process by reference 
to changes in a secondary property depends on either 
the assumption of a linear relation between the 
measured value of the property and the corresponding 


fraction of metal recrystallized at any stage or on the 


experimental determination of the precise relationship. 


For a partly recrystallized metal, considered as a 
mixture of a residual cold-worked portion with that 


which has already transformed to the fully annealed 


VOL. 


Fic. 1. 


cold-rolled 50 per cent reduction in thickness. 


[sothermal annealing curves of H.C. copper strip 


state, a linearly related property conforms to the 
simple rule of mixtures, so that an observed value is in 
simple proportion to the quantities of the two com- 
ponents present. 

It has already been established“ for the recrystal- 
lization of heavily cold-rolled H.C. copper strip, that 
apart from a small initial lag, during which no apparent 
change in average hardness of the strip occurs with 
the first microscopically observed signs of recrystal- 
lization, the relation between hardness and fraction 
recrystallized is, in fact, linear. No direct calibration 
of thermoelectric power was made for the purpose of 
the present investigation, although the close agreement 
between changes in this property and in hardness 
during isothermal annealing of heavily rolled copper 
indicates that, in this instance at least, it also is 
linearly related with the fraction recrystallized. This 
view is in direct opposition to one previously held,‘ 
namely that thermoelectric power might actually 
the state of the 


unrecrystallized matrix quite independently of the 


indicate recovery of continuous 


presence of discrete and therefore disconnected 


islands of recrystallized metal. 


Crussard and Aubertin.”®8) however, have shown 


that change in thermoelectric power of tensile 


specimens on unloading varies directly with applied 
stress and therefore with residual elastic strain. It 


thus appears that thermoelectric power provides a 


Fic. 2. Isothermal annealing curve of H.C. copper strip 
cold-rolled 96 per cent reduction in thickness. 
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| 2 e P HARDNESS EXPERIMENTAL VAL 
powell r 4 3 
4 r = 
otal = 
0 126 
10 123 
15 125 
20 123 
25 123 
30 124 
35 12] 
40) 118 
45 12] 
50 106 
60 110 80.5 6.72 
70 58.5 5.64 
SO 16.3 £30 
90 87 52.4 3.30 
100 72 34.2 2.50 
110 59 18.3 1.78 
120 60 19.5 1.36 
130 58 17.1 0.98 
140 54 12.2 0.08 
155 418 1.9 0.40 8.09 
L75 +9 6.0 0.14 §.72 Tr 
200 18 1.9 0.03 4.13 
230 $7 3.7 0.17 2.84 4 
275 46 2.4 0.28 1.80 ,at 
350 45 1.2 0.36 0.95 
44 0 0.43 0.40 
1140 44 0 0.52* 0.41 
* The asymptot end value of thermoelectric = 
estimated to be 0.475 volts. 
Z \ tO. 
\ 
\ 
\ 
\ 
a 


RICHARDS, PUGH, anpv STOKES: 


Fic. 3. Isothermal annealing curve of H.C. copper strip 
cold-rolled 50 per cent reduction in thickness. 
means of following changes in lattice strains during 
isothermal annealing, and being truly representative 
of the average condition of the specimen, observation 
of thermoelectric power is ideally suited for rate- 


process analysis. The localized nature of the diamond- 


pyramid hardness test and the heterogeneous character 


of partly annealed metal are responsible, on the other 
hand, for a wide statistical fluctuation in results for a 
single specimen, which is reflected in the greater 
scatter of the observed hardness values about the 
estimated annealing curve in Fig. 1. 
relative inaccuracy of hardness determinations, full 
mathematical analysis of the kinetics of the isothermal 
annealing process is carried out only with the thermo- 


electric data. 


(a) Re crystallization of Strip Rolled 50 per cent 


The plot of residual thermoelectric power of strip 


rolled with reduction of 50 per cent against time of 


isothermal annealing at 180°C, Fig. 1, appears to 
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follow a simple exponential curve, apart from a small, 
This 


deviation is probably connected with the more marked 


but significant, deviation in the initial stages 


discontinuity in the 


coetticient of 


hardness curve. To derive the 


exponent ial de av ol thermoelectri 


power with time, the experimental values are plotted 
The points fall 


almost on a straight line, confirming the exponential 


in Fig. 3 on a semi-logarithmic scale 


nature of the relationship. From the slope of the line, 


the decay coefficient is 6.6 min“, correspond- 
ing to a half-value period of 105 minutes. The full 
curve in Fig. | is in fact the exponential curve of 
this half-life. 


therefore 


Change in thermoelectric power is 


either a simple first-order process or at 


least a pseudo first-order process. The significance 
of this finding, and the difference in character of the 


thermoelectric and hardness isothermal curves Will 


be discussed later 


ner cent 


(b) Reerystallization of strip rolled 96 j 

The thermoelectric-power and hardness curves of 
strip rolled with reduction in thickness of 96 per cent 
and isothermally annealed at 100°C are, apart from an 
initial lag in hardness values, coincident. The curve 
Fig. 2, is clearly more omplex than the thermoelectri 


Asa 


at analysis, the experimental values of 


power curve, Fig. 1, for strip rolled 50 per cent 
first attempt 
thermoelectri were plotted on a semi-loga 
Fig.4 


is suggestive of three 


powe 


rithmic scale The ippearan e ot this « 


SUCCESSILV¢ 


processe The 


a rapid process accounting for an initial fall o 


LO per cent o1 the total chang 


second, accounting ‘ the major proportion 


@—e EXPERIMENTAL THERMOELECTRIC 


THEORETICAL PARABOLA EXPRESSEC 


TOTAL CHANGE ON ANNEALING) LOG SCALE 


RESIDUAL THERMOELECTRIC POWER ——e 


(% OF 


20 40 60 80 100 120 140 160 180 
TIME OF ISOTHERMAL 


200 220 240 260 280 300 


~, or 


ANNEALING AT 


:. 4. Isothermal annealing curve of H.C. copper strip cold-rolled 96 per cent 
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ital change, is greater than unity, while the third and 
last is first order. The procedure for analysis of suc- 
essive first-order reactions, which is not strictly 
ipplicable in the present instance, has been applied in 
rder to obtain an approximate solution. The extra- 
polation (b) of the linear tail 2,e~ of the full curve (a) 
Fig. 4 is first subtracted arithmetically from the 
experimental curve yielding the thermoelectric-power 
values indicated by points marked These points lie 
close to the theoretical parabola (c) expressed by 


the major proportion of change in thermoelectric 


The second process, accounting for 


power, thus simulates one of second order. 

The above approach is only valid for successive 
first-order processes, but now that it is apparent that 
the second process is second order. a more rigorous 
mathematical treatment is possible. The first stage is 
so rapid that it is assumed to be a fast exponential 
decay process which is virtually complete in a few 
minutes, giving rise to an incubation period for the 
second stage. The complete mathematical treatment 
for a second-order process followed by one of first-order 
is set out in an appendix, the effect of the first process 
being represented by a zero shift or incubation period. 
Assuming values of the constants derived from analysis 
of Fig. 4, 
successive approximation. The equation derived for 


more exact values can be obtained by 
the complete annealing process is rather complex, but 
the constants can be determined fairly easily; and a 
comparison of experimental results with theoretical 
values, which are recorded in Table 4 and plotted in 
Fig. 2 


error. 


shows agreement well within experimental 


5. DISCUSSION 


The possibility of interpretation of rate of change of 


a secondary property in terms of recovery and 
recrystallization naturally depends on there being a 
definite correlation bet ween that property and fractions 
of metal in the recovered and recrystallized states. 
interpretation can be 


that. 


and reasonable 


A simple 


developed if it is assumed as Crussard and 
Aubertin®®? have shown, thermoelectric power varies 
directly with applied stress and therefore with residual 
elastic strain. 

The first-order character of the thermoelectric curve 
of strip rolled 50 per cent is therefore equivalent to the 
simple exponential decay of internal stresses on iso- 
thermal annealing.“). These stresses would, in 
moderately deformed metal, be expected to vary more 
the 


or less continuously throughout processes of 
recovery (or polygonization) and subsequent recrystal- 


lization. The hardness curve of strip rolled 50 per cent, 
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TABLE 4. Calculated values of the terms A and B together 
with their sum S* and the corresponding observed values 


Time of Observed 


isothermal values 
(From 


Table 3) 


annealing 
t (min) 


100 
91.7 
90.3 
90.04 
90.0 
SS.04 


* Values of S for ¢t in the range 0—20 min are estimated on 
the assumption that initial fall from 100 to 90 per cent 
corresponds to a first-order process of 2 min half-life. 


| p vat 


p 


IA 


2.2 10-4 (min)~?, 
20 min, 90 per cent, 
b 

» 


23 per cent, K 1.9, 22.5 min. 


1 


9.9 3 (min) 


on the other hand, shows a definite discontinuity 
indicative of two such processes. These may well be 
the two processes which Stroh"*) envisages in ex- 
plaining annealing behavior of cold-worked metal, 


namely a short-range rearrangement of dislocations in 


piled-up groups which is associated with appreciable 


change in stored energy and specific heat“* but not in 
hardness, and with a long-range interaction of the 
stress fields of neighboring groups which is associated 
with a further liberation of stored energy and with 
appreciable softening. On this basis, it would seem 
that thermoelectric power is a measure not only of 
strain associated with dislocations. but also of stored 
energy which in moderately deformed metal varies 


continuously throughout the annealing process. 


0 L100 
5 91.26 
10 90.35 
15 92.19 
20 90.0 0 89.04 
25 89.5 0.08 88.12 
30 87.9 0.14 85.57 
40) 82.7 1.0 83.7 83.68 
45 78.6 1.6 80.2 80.00 
50 74.0 2.0 76.0 76.12 
60 62.5 3.0 65.5 66.39 
70 52.5 4.8 57.3 56.52 
SO 40.6 5.3 45.9 44.14 
90 30.8 6.0 36.8 34.93 
100 22.6 6.6 29.2 27.50 
110 15.0 6.9 21.9 20.84 
120 9.8 6.9 16.7 16.96 
; 130 6.2 6.7 12.9 13.45 
140 4.0) 6.4 10.4 10.68 
155 2.4 5.8 8.5 8.09 
175 0.4 4.8 5.2 5.72 
200 0.07 3.9 3.97 4.13 
230 0 2.9 2.9 2.84 
275 0 1.8 L.8 1.80 
350 0 0.9 0.9 0.95 
420 0 0.4 0.4 0.40 
1140 0 0 0 0.41 VO!I 
4 
A — r)* 
B By (t a(t p t T) 
| 2a 2a 


RICHARDS, PUGH, anv STOKES: 

In rolling, individual crystals are deformed in direct 
proportion to the strip itself, so that, with increasing 
reduction, initially equi-axed crystals are rolled progres- 
sively thinner, each crystal taking up the approximate 
orientation of one component or other of the standard 
rolling textures. The small initial fall in thermoelectric 
power on annealing of heavily rolled material is, on the 
present thesis, equivalent to a decrease in general 
lattice distortion with the establishment of dislocation 
arrays at the interfaces of adjacent crystals. Disloca- 
tions of opposite sign would be annihilated at the 
interfaces leading to an equilibrium density of disloca- 
tions of one sign corresponding to the definite 
orientation difference between the various components 
the dislocations in neighboring 


of texture, while 


interfaces would be of opposite sign. Further struc- 
tural change can now only occur by direct interaction 
and cancellation of the dislocation stress fields across 
the thickness of individual crystals leading to an 
abrupt change in lattice orientation from rolling- 
Such a would 


texture to cube-texture. mechanism 


account both for the large change in thermoelectric 
power associated with the second process e\ ident from 
the thermoelectric-power curve, and for its second- 
order character. 

It has in fact been established" that, for heavily 
rolled copper, a linear relationship exists between 
hardness and fraction recrystallized to cube-texture. 
The similarity between the hardness and thermo- 
electric power curves of strip rolled 96 per cent 
indicates that, in this instance, the change in thermo- 
electric power is also proportional to fraction recrystal- 
The 


texture must, of necessity, be one of localized atomic 


lized. change from rolling-texture to cube- 
rearrangement such as nucleation and growth, other- 
wise large dimensional changes would be involved. The 
formation of cube-texture by annihilation of high- 
energy interfaces, however, is equivalent to two- 
dimensional growth from predetermined nuclei, which 
as Evans!” has shown is a process of second order. 
The final first-order process is merely relief by grain 
growth of residual stresses at boundaries of cube- 
texture grains in slightly different orientations. 
Analysis of changes in thermoelectric power and 
hardness purely as rate processes, making the basic 
assumptions that thermoelectric power is directly 
proportional to lattice strain and hardness to fraction 
recrystallized, has led to the following general picture 
of the annealing behavior of rolled copper strip. From 
the hardness curve, annealing of strip rolled with 
reduction of 50 per cent occurs by two distinct pro- 
cesses, polygonization and recrystallization. Thermo- 
electric power, and therefore lattice strain, however, 
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RECOVERY 


AND RECRYSTALLIZATION 8] 


varies more or less continuously in an exponential 


manner throughout, since both polygonization and 


recrystallization involve essentially similar processes of 


migration of dislocations. Annealing of heavily rolled 


strip may again be regarded as occurring by poly 


gonization and recry stallization. although polygoni 


zation, being restricted within the boundaries of the 


now thin initial grains, is associated with only a 
thermoelectric power and 


Most of the « 


change in 
and none in hardness 


and thermoelectric 


powel OCCUTS 
proce SS which is interpreted as a pro 


lation of stable arrays of dislocations 


interfaces by direct interaction of their stress fi 


The findings of the present investigation thus confirn 


the earlier observation of Cook and Richards that 


recrystallization of heavily rolled copper is mainly 
second-order process, and establish that the differencé 
Brindley"? is 


these authors and by 


in order found by 
due to the fact that the findin 


s of the former refer t¢ 


which recrystallizes to cube 


rolled coppel 


texture, and of the latter to copper processed in suc] 


heavy ily 


way that it recrystallized in a different anne! 


annealing, probably to a retained rolling texture 


perhaps a random texture Furthermore 


of recrystallization derived by rate-proce 


quite consistent with the structural obs 


nucleation and growth concepts 
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Appendix 


SUCCESSIVE RATE PROCESSES 

The change in thermoelectric power of H.C. copper- 
strip cold rolled with a reduction in thickness of 50 
per cent, on isothermal annealing, conforms to a first- 
order process, that is, the thermoelectric power £, at 
time ¢ can be expressed by the equation 


0 


where E, is the initial thermoelectric power at time 
t 0), 


perature-dependent. 


and « a constant, the value of which is tem- 


Recrystallization of heavily rolled copper is complex, 
and an attempt was first made at analysis of the 
isothermal annealing curve, by following the standard 
procedure for successive first-order processes, such 
as a radioactive series for which a product A trans- 
forms to a product B, and B to C, and so on, the rate 
of decay of a product at any instant being proportional 
to the amount present at that instant. The analysis 
indicated that the recrystallization process of heavy ily 
rolled copper did not conform to successive first-order 
second-order 


but rather to a process, 


processes, 
followed by one of first order. 

The mathematical analysis for successive first-order 
processes has long been established. but the authors 
are unaware of a similar treatment for a second-order 
process followed by one of first order, and they have 


accordingly developed their own treatment. 


ANALYSIS OF SECOND-ORDER FOLLOWED BY 


FIRST-ORDER PROCESS 
Let product A transform to B, and B to C, and let 


x, y, 2 be the amount of each present at time ¢, so that 


y+2z 


Let transformation A - B be a second-order process, 


so that 


(1) 


where « is a constant. 
B-—>C be a first-order process such that, as a 
completely independent process, unit quantity of B 


decays according to the relation 
y (2) 
p is a constant. 


the 
The rate of decay of A and therefore of 


where 


Consider successive transformations 
A+>B—C. 
formation of B at time ¢ is obtained by differentiation 


of B formed in time- 


how 


of equation (1). The amount 


interval dt, at t, is therefore 
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The amount of B formed at ¢t, which remains at 
subsequent time ¢ is, by combination of (2) and (3), 


and the total amount of y present at time ¢ is therefore 


et 
2at, ¢ at,“ 


where ¢, is the variable. 
y = 2ae~" (4) 


Completing the 


coefficient, 


variable from ¢, to V « (é, 


24)V a 


(5) 


2Va 


The last integral term in this expression corresponds 
to the error function, or integration of the Gaussian 
equation for normal distribution of errors, and can be 
written in a that its 
derived from standard tables. So that, on replacing 


form, such value can be 


V « (¢ —f/2«) for z, 


P(B/2N (6) 


) | 
2/9 


where and P(tVa—f/2V«) can be 
evaluated from tables. After simplification, equation 


(6) may be written in the form 


. a — + P(B/2s (7) 


82 
+ 
~0 
ee EEE square for the variable exponential 
and changing the — = 
a(t 
y = 2a-e—*- (z/V a+ f/2a)e~* dz/V « 
2 
a(t « 
| De ¢ dz 
2V « 
*(t 
314 dz vol 
PIV & 
2Va 4 
Oc 
a 
+ 

x 
y ¢ 2/4 t a(t 2a)* 
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RICHARDS, PUGH, anv STOKES: 
But since, as indicated in the text, it is reasonable to 
assume that thermoelectric power due to any product 
is linearly related with y, the quantity of that product 


present, equation (7) may be rewritten 


where # is the contribution to the observed thermo- 


electric power of the product B at any time 7’, and 
E, that of a thermocouple element composed wholly of 
product B with respect to the one composed wholly 
of the end product C. 

the 


It now remains only to demonstrate how 


constants of the equation may be evaluated. By 
inspection, it is evident that the expression within 
brace brackets of equation (8) increases with time, 
and finally approaches a constant value A, when # 


subsequently decreases according to the relation 
EB KE, 


Identifying this relation with the linear tail of curve (a) 
in Fig. 4, the slope of line (b) corresponds to a / value 
of 9-9 LO 


3min~-!. Some difficulty now arises in 


the evaluation of the remaining constants. Firstly, it 
is clear from Figs. 2 and 4 that a rapid decay process 
precedes the successive second-order and first-order 


For 


lack of sufficient data, this is presumed to be a simple 


processes to which the present analysis refers. 


first-order process of half-life of about two minutes 
The complete decay of the initial product reduces the 
observed thermoelectric power from LOO per cent ol 
the initial value to 90 per cent; that is, to a value £, 
corresponding to the thermoelectric power of the 


product A, which decays according to the relation 


an incubation period 7 being introduced to represent 
the delay caused by the first process. The constants 
other than p of equation (S) are now evaluated by the 
method of successive approximation. First, the value 
of 7 is assumed to be approximately 20 min, then a 
value for « is calculated for which the value of the 
expression reduces to a half in the appropriate time 
interval of (t T) 80 min. the 
corresponding to the time 
The R.H.S. of 


equation (8) can now be evaluated for various times 


is now 


thermoelectric 
> 20 min on line (b) of Fig. 4. 


power 


RECOVERY 


AND RECRYSTALLIZATION 


over the whole isothermal annealing range. K is the 
value of the expression in brace brackets of equation 
(8) corresponding to very long times. Bearing in mind 
that the annealing times are taken from ¢ 7 (20 min) 
as zero, equation (S), thus evaluated, is plotted as 
curve (4) in Fig. 5, and then subtracted arithmetically 
from the experimental curve (S) to give curve (A 
New 
curve (A), and the procedure repeated until a satis- 
The 
sufficiently acc 


the 


values of « and 7 are now found which satisfy 


factory agreement is obtained value of 20 min for 


rt was found to be urate, but the 


values ot other constants are 


ultimate 


10 


cent, A 


min 
90 per cent, F, 23 pel 


22.5 min. The terms 


are evaluated in Table 4 for times correspondin 


actual annealing pe riods after allowing for the in 


tion period 7 20> min, during which 


first-order process of 2-min hal 


account for the initial 10 per « 


ele tric pows I 


The sum of the terms 


is plotted as the full curve in Fig. 2 


being shown as a broken cury 


de ay 


+ 


some initial scatter. agreement 


is satisfactory. 


Fic. 5. Analysis of isothermal annealing ¢ 


strip cold-rolled 96 per cent 
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THE INTERNAL FRICTION OF ALUMINUM SINGLE CRYSTALS 
AS A FUNCTION OF TEMPERATURE* 


H. BIRNBAUM? and M. LEVY? 


The variation with temperature of the internal friction of aluminum single crystals was studied. 
In the temperature range, 77°K to 350°K, the decrement of undeformed crystals exhibited only a slight 
Some results were obtained which indicated that deformation and rapid 


dependence on temperature. 
the tem- 


cooling to 77°K resulted in a relaxation peak at about 100°K, as reported by Bordoni. In 
perature range, 350°K to 450°K, as-grown crystals exhibited what appeared to be discontinuous 
uses and decreases of decrement with temperature, and which appeared to be associated with the 
An exponential dependence of decrement on tem- 


incres 
presence of an unstable disclocation configuration. 
the temperature range 450°K to 650°K. An explanation of this behavior 


perature was observed in 
As pre licted by the theory, 


based on the formation of jogs at dislocation intersections is put forth. 
variations of the activation energy for the exponential dependence with cold work and annealing are 


experimentally observed. The activation energy to form a jog at intersecting dislocations is calculated, 


and found to be about 17,000 cal/mole. 


FROTTEMENT INTERNE DES MONOCRISTAUX D’ALUMINIUM EN FONCTION 

DE LA TEMPERATURE 
En fonction de la température, le frottement interne a été étudié pour des monocristaux d’aluminium. 
350°K, le décrément des cristaux non déformés ne dépend que peu de la température. 


Entre 77 K et 
refroidissement rapide a 77°K provoquent un 


Certains résultats indiquent que la déformation et le 
maximum vers 100°, comme l’a indiqué Bordoni. Dans l’intervalle 350—-450°K, les cristaux “‘as grown” 
ne modification discontinue du décrément qui semble associée a des répartitions instables de 


presentent une 
dislocations. Entre 450 et 650°K, le décrément présente une 
il est propose d’expliquer ce comportement par la formation de “jog,” lors de lintersection 


variation exponentionnelle avec la tem- 


perature et 
de dislocations. Des variations de l’énergie d’activation dans ce domaine ont été expérimentalement 


observées par écrouissage et recuit comme le prédit la théorie. L’énergie d’activation, pour former un 


serait de lordre de 17.000 cal/mol. 


"10g 


DIE INNERE REIBUNG VON ALUMINIUM EINKRISTALLEN IN ABHANGIGKEIT 
VON DER TEMPERATUR 

nnere Reibung von Aluminium Einkristallen wurde in Abhangigkeit von der Temperatur unter- 
Im Temperaturbereich von 77 bis 350°K zeigte die Reibungsabnahme unverformter Kristalle 
geringe Temperaturabhangigkeit. Einige Untersuchungsergebnisse zeigten, dass Verformung 
he Abkiihlung auf 77°K zu einem Relaxationsmaximum bei ungefahr 100°K fiihren, wie auch 
mitgeteilt wurde. Im Temperaturbereich von 350 bis 450°K traten bei unbehandelten 
Kristallen anscheinend Unstetigkeiten in den Kurven der Reibungsabnahme in Abhangig- 


Temperatur auf, die wahrscheinlich mit einer instabilen Versetzungskonfiguration im 


ang stehen. Eine exponentielle Abhangigkeit der Reibungsabnahme von der Tem- 
wurde im Temperaturbereich von 450 bis 650°K beobachtet. Eine Deutung dieses Verhaltens, 
r Bildung von Spriingen an Schnittpunkten von Versetzungen aufbaut, wird naher ausgefiihrt. 
der Theorie vorausgesagt, wurden experimentell Anderungen der Aktivierungsenergie fiir die 
elle Abhangigkeit von der Kaltverformung und dem Anlassen festgestellt. Die Aktivierungs- 
zur Bildung eines Sprunges am Schnittpunkt von Versetzungen erforderlich ist, wurde 


in der Gréssenordnung von 17.000 cal/mol. 


INTRODUCTION of magnesium crystals measured at temperatures 


Mor j rystals Te ‘te 
The temperature dependence of the internal above 373°K. For aluminum crystals, he reported 
friction of metal single crystals measured at high 2" increase in decrement with temperature above 
300°K. Bordoni reported relaxation peaks in crystals 


frequencies, has been investigated by Pittenger,”) 
Nowick,® and Bordoni.‘*) Pittenger reported an 


activation energy of 14,000 cal/mole for the decrement 


of copper, silver, lead, and aluminum at 100°K, 65°K, 
35°K, and 95°K respectively. These peaks were 


reported to be enhanced by cold work. The present 


ae ; work was attempted to establish the temperature 
* teceived June 16, L955. e 
- Columbia Universitv, Department of Metallurgy. Present “dependence of the internal friction of aluminum 
address: University of Illinois, Department of Metallurgy. single crystals, and to interpret the results on the 
* Columbia University, Department of Physics. Present : 


The Haloid Corporation, Rochester, New York. basis of existing dislocation theory. 


address: 
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BIRNBAUM anv LEVY: FRICTION 


RESULTS AND DISCUSSION 


The 


single crystals was studied as a function of tempera- 


internal friction of high-purity aluminum 
ture, by the quartz composite oscillator method. 
The frequencies utilized were in the range of 30 to 80 
kilocycles. The most interesting results were those 
obtained by studying the variation of the decrement, 
at a constant strain amplitude of the order of 10~® 
in./in., with temperature in the range of 77°K to 
650°K. All the aluminum crystals were grown from 
the melt. The bond used in the composite oscillator 
was Sauereisen, which was air dried. 

that the 
the aluminum single crystals which accompanied 


It was established interface strains i 
changes in temperature and which were due to the 
different thermal coefficients of expansion of the 
quartz and the metal, had a negligible effect on the 
decrement of the crystals studied. In the temperature 
interval of 77°K to 300°K the change of decrement 
due to the interface strains was | 10-4. Since the 
decrements of the crystals studied were in the range 
of 10-4 to 107-3, 


with temperature were of the order of 10~° and 10-°, 


and the observed changes in decrement 


the decrement changes due to interface strains may 
Furthermore, the changes in decrement 
that 


be neglected. 


with temperature were reversible, indicating 


interface straining and annealing does not appre- 


ciably affect the measured decrement. 


A. Decrement Discontinuities and Low-te mperature 


Behavior 


Fig. 1 is typical of the results of the decrement 


measurements an as-grown aluminum single 


The 


increase with temperature in the range of 77°K to 


on 


crystal. decrement exhibited only a_ slight 
350°K. In the temperature range of 350°K to 450°K, 
abrupt changes in the decrement took place as the 
Within the limit of the 


experimental method, these changes were disconti- 


temperat ure was increased. 


nuities in the decrement. A second series of measure- 


ments on the same crystal did not exhibit these 


discontinuities, indicating that the short anneal 


which occurred during the first series of measure- 


ments altered the structure of the crystal sufficiently 
to eliminate the discontinuities. If the crystals were 
deformed or annealed and slowly cooled prior to 
the initial measurement, these sharp changes in the 
not observed. This is shown in 


decrement were 


Fig. 2. The discontinuities appear to be the result 
of an ‘“‘avalanche”’ process which may take place in 


an as-grown crystal acted on by an oscillating stress. 


Such a process could be of a type similar to the 
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DECREMENT 


100 200 300 400 
TEMPERATURE °K 


Variation of the 
vith temperature 


decrement o 


freeing of loosely pinned dislocations by the oscil 


lating stress. 
The low-temperature peaks in aluminum reported 


annealed 


by Bordoni were not observed in as-g 


rown oO} 
relaxation 
| 


1 1 
COULG 


crystals. It was observed, however, that 


peaks at a temper rature of about LOO’K 


produced if the crystals were plastically deformed 


by a strain of about 10-? in./in. and rapidly cooled 


from room temperature to 77°K. The magnitude 


these peaks decreased with tim indicatin the 


annealing ol the relaxation mechanism which causec 


the peaks. 
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DECREMENT 


emperature ¢ 


stal Annealed 


400°C and slow 


ar strain and 


B. High-t m perature Behavior 


As shown in Fig. 3, the decrement increases 


exponentially with temperature in the range 400°K 


to 650 K., This gseneral behavior was observed in 


as-grown, in annealed, and in deformed crystals. 


The decrement in this temperature range may be 


expressed as 


(1) 

The valu 
treatment ol the specimens. 
It IS ot 


the oscillating stress of the internal friction measure- 


exact of Q is sensitive to the previous 


interest to consider the behavior under 


ment, of dislocation lines which are intersected by 


other dislocation lines In the general case of such a 


srid of dislocations. the intersections act as effective 


pinning points. Except for certain specific con- 


figurations, movement of intersecting dislocations 


other requires the generation of 


The 


range in which the decrement increases exponentially 


through each 


vacancies or interstitial atoms. temperature 


with temperature is such that, for reasonable values 
of the binding energies of solute atoms to dislocation 
lines, the dislocations may be considered not being 
pinned by the solute atoms. Therefore, the dislocation 
lines will be considered as pinned only by inter- 
sections with other dislocation lines. 

Seeger™) has developed the following expression 


for the strain rate of dislocation lines which are 


pinned by dislocation intersections: 


VOL. 


where U, is the activation energy to form a jog in 
the dislocation stress, 7 is the applied 


the 


line at zero 


shear stress, 7,, is the elastic stresses around 


T (3) is the total shear stress on the 
hdl, 


the effective diameter of the dislocation, 


dislocation, (7 


dislocation, and We) where 6 = Burgers 
vector, d 
and /, is the distance bet ween intersecting dislocations. 
The numerator of the exponential may be considered 
as the activation energy to form a jog in the dislocation 
line at the stress level of the measurement. 


Koehler) has discussed the energy dissipation 
of a distribution of dislocation loops acted on by an 


The 


line through an 


oscillating stress. movement of the oscillating 


dislocation intersecting dislocation 
is equivalent to an added increment of displacement 
of the oscillating dislocation. On the basis of Koehler’s 
calculation, the energy loss w’, per cycle for a single 


loop, may be written as 


uw 


1 1 OW, (3) 


where Ww is the energy loss as calculated by Koehler 


and dw, is the energy loss due to the displacement 
of the the 
of jogs in the intersecting dislocations. The formation 


dislocation intersections by formation 


of jogs at dislocation intersections is essentially an 


irreversible process of energy dissipation, since 


created and 
the 


interstitial atoms or vacancies must be 


destroyed. A simple calculation shows that 
energy dissipated per jog by the oscillating stress 
is approximately 


Ow; l.o (a> 


0 


where /, is the length of the dislocation line, o,a@ is 
the 


and (a/2) is the average displacement of the dis- 


force per unit-length on the dislocation line, 


location line due to the formation of a jog consisting 


of one vacancy or interstitial. Following Koehler’s 


analysis, the total energy loss per cycle is 


9 


where c is the concentration of pinning points, J, is 
the length of the the 


atomic lengths of dislocation lines, w is the energy 


dislocation segments. N is 


is the number of 
the 


loss as calculated by Koehler, 4 


jogs formed per cycle, and NV, is number of 


dislocation loops acted on by the oscillating stress. 


It has been assumed that the length distribution 
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RICTION 


of loops at which jogs are formed is the same as the 


overall distribution of dislocation loop lengths. 


€, as given by eq. (2), is directly proportional to 
the rate of formation of vacancies or interstitials at 
the dislocation intersections. Since 7 is also directly 


proportional to the rate of formation of vacancies 


or interstitials, eq. (5) may be written; 


w w Ke. 


Following Koehler’s analysis, we arrive at 


A=A)+ A, (6) 


where A is the total decrement, A, is the decrement 
due to the oscillation of the dislocation loops, and 
A, is the decrement due to the formation of jogs 
Furthermore, A, is 


at dislocation intersections. 


proportional to €, so eq. (6) may be written 


A=Ap+ K’e. (7) 

If, as a first approximation, the energy dissipated 
by a moving dislocation is assumed to be independent 
of temperature, the temperature-dependence of the 
This assumption 
In the 


temperature range of 400°K to 650°K the dislocation 


decrement is due to the e€ term. 


may be justified by the following argument. 


lines may be considered as essentially not pinned by 


solute atoms, and the dislocation configuration as 


stable during the series of decrement measurements. 
This is indicated by the reproducibility of the data 
on subsequent series of measurements after the first 
Under the 
dependence of the term Ap as derived by Koehler 


series. these conditions, temperature- 
must arise from the dependence of the following 
the 


unit-length of the dislocation, given by Eshelby“® as 


terms on temperature: A, effective mass per 


A 7 pa* 


where a is the lattice parameter and p is the density; 
C, the line tension of the dislocation, given by Mott 
and Nabarro"” as 


2Ga2 


where G and # are the appropriate elastic constants; 
and 6b, the damping force per unit-length acting 
on the dislocation. The variation of A and C with 
temperature is of the order of the variation of the 
elastic constants and density with temperature. 
These variations are too small to explain the observed 
temperature-dependence. The mechanisms proposed 
for the are 

radiation damping,‘ 


(10) The 


thermoelastic damping,‘®? 


of 
temperature-dependence of 


damping 


and scattering sound- 


waves. these 


OF ALUMINUM SINGLE CRYSTALS 

mechanisms is not determined, but is probably of 
the same order as the variation of the elastic constants 
On 


term A, may be neglected. 


this basis, the temperature-dependence of the 


From eq. (7) we obtain 


log A, log (A Ap) 


show that 


The experimental data plotted in Fig 


the variation of A is of this form, when 


r 7 


is taken equal to the measured activation energy Q 
(VN, The dependence ol the 
activation 


is Avogadro’s number.) 


energy on the previous history of 


specimen is also shown in Fig. 3. For an as-gr 


single crystal annealed at 400°C for one hour 


slowly cooled, Q 13,000 cal/mole (curve | After 


deformation f 10-* in./in. in torsion and 


in compression, the value of Q is 


15.000 cal/mole (curve 2). Annealing after deforma 


tion was observed to cause a decrease in activation 


energy, as shown in Fig. 4 
The variation of Q with the state of the specimen 
may be accounted for by examining eq. (8 bir 


deformation causes an increase in the dislocation 


of dislocation intersections 


The increas 


eractions of the Stress 


density and number 


thereby decreasing /, and increasing 7, 


in tT, is due to the elastic int 


G 


30 
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fields of nearby dislocations. This causes an effective 
increase in the value of Y. Annealing should decrease 
the dislocation density and number of intersections 
and therefore should result in a decrease in the value 
of @. As outlined above, preliminary experiments 
have exhibited this behavior. 

On the basis of the above discussion the measured 
activation energies are associated with the formation 
inter- 

The 


interstitial 


of vacancies or interstitials at dislocation 


sections in the presence of an applied stress. 


activation energy to form a vacancy or 


at a dislocation intersection may be obtained by 


extrapolating the values obtained at several stress 


levels to zero stress. An approximation to this value 
can be obtained by a simple calculation which also 
indicates the effect of plastic deformation. 

Assume a dislocation annealed 
crystal of 10° 


dislocations is considered and the maximum number 


density in an 


dislocation lines/em?. If a 


of intersections assumed, /, is 3.2 x 10-3 em, b is of 


the order of 3 10-8 em, as isd. The applied stress 


for the internal friction measurements is approxi- 
Inserting these values in 


mately 10° dynes/cm?. 


> 
) 


eq. (2), we obtain 


=~ 0.18 eV 


where it is assumed that [7 T,;;| » 7. The measured 
activation energy for an annealed crystal is approxi- 
The value of U 


17.000 


mately 0.56 eV. is calculated to be 
0.74 eV, or 


activation energy for the formation of vacancies in 


cal/mole. This is a reasonable 


aluminum. If the crystal is now deformed in torsion 


and compression and the dislocation density is 


assumed to be 108 dislocation lines/em?, a similar 


calculation gives 


Assuming the value of U, previously calculated, Q is 


calculated to be 0.68 eV. or 15.600 cal/mole, again 


This approximate calculation 


assuming |r T. 


indicates that the observed changes in activation 


energy with deformation (Fig. 3) are of the proper 


order of magnitude. 


orid of 
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The above calculations assume an isotropic dis- 
tribution of dislocations. If, however, the deforma- 
tion is such as to produce an increase in (t — T,), 
the measured activation energy may be decreased 
considerably below the value for an annealed crystal. 
Such an increase in (7 — 7,;) may result from stress 
concentrations due to the dislocation configurations. 
of 2 


T,;| of 0.36 eV, and a value of 


An average stress concentration will result in 


a value for 
the measured activation energy Q of 0.38 eV. or 


8,700 cal/mole, for a dislocation density of 107 


dislocation lines/em*. It is possible that the dis- 


location configuration produced by deformation in 
compression results in this stress concentration. 


The 


the value 


above calculations indicate the sensitivity of 
of the measured activation energy to the 
state of the crystal. 

Recent results of Weertman and Salkovitz!™ on 
dilute alloys of lead have shown an exponential 
increase of decrement with temperature in the range 
of 400°K to 590°K. 


increase is about 0.30 eV. It 


The activation energy for this 
is suggested that the 
variation of decrement with temperature for these 
manner similar to the 


alloys may be treated in a 


previous analysis. 
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LETTERS TO THE EDITOR 


high el 


The High-Temperature Recovery of straight and possessed the initial | 
Deformed Copper Whiskers* at the point where 


it was deformed 

It has recently been observed by Z. Gyulai™ that the experiment is shown in Fig. | 
plastically kinked NaCl whiskers would recover and The recovery of kinked whiskers was su 
straighten out when the kinked region was heated visually observed several times. Thi 

Similar observations have been made on copper of the recovery of a kinked whisker 
whiskers grown by Brenner.'? width, is shown in Fig. 2 

An elastically strong whisker about 2.5 microns The recovery rate, dA0/dt, where AO is 
in width was plastically deformed and then heated '" kink angle, appears to be constant except 
in hydrogen to 1015°C, where it was held for ten initial and final stages. This is shown 
minutes. Upon removal, the whisker was again in Fig. 3. The large initial recovery 


elastic strain 
* Received July 11, 1955. 


(d) 


Fic. 1. Recovery of deformed copper whisker: (a) Strained ~0.3 per cent b) I 


nstrained 


ten minutes at 1015°C. (e) Strained ~0.3 per cent. (f) Unstrained. Width of 
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whiske1 


ustic stre sth 
it i 
i ‘ 
A 
¢ 
(a) b 
} 
(e 
inked. (d) After heating 
2.5 microns 5.0 
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Fic. 2. Time sequence of recovery at 1015°C: (a) 0 sec. 


(b) 600 see. (c) 1460 sec. 
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(d) 2400 sec. Width of whisker 


8.5 microns. 6.5. 


O 8.54 
INITIAL ANGLE 526° 

7.7 p 
INITIAL ANGLE 32.2° 


CHANGE IN ANGLE A8(DEG) 


RECOVERY OF COPPER WHISKERS 


TIME (SEC) 


Fic. 3. Change of kink angle as a function 
© 8.5 whisker—1015°C, initial angle 52.6°. 


whisker—1010°C, initial angle 32.2°. 


An oxide film formed at room temperature does 
not appear to retard the recovery. A deformed 
whisker maintained in air at room temperature for 
several hours recovered in helium at approximately 
the same rate as in hydrogen. 

The effect of temperature, size of whisker, and 
angle of deformation will be studied further to clarify 
the mechanism of recovery. 


S BRENNER 


MORELOCK 


I 


Metallurgical Ceramics Research 
Department, General Electric 
Company, Schenectady, New York 
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Internal Friction Measurements on 
Tempered Martensite* 
The diffusivity and solubility of carbon in alpha- 
the 
the 


determined from internal friction 


that is 
migration of 


iron can be 
stress-induced 


lattice.“ 


peak associated with 


interstitial atoms in a bec 


We have recently made such measurements on 
martensite in a high-purity iron—0.78 per cent carbon 
alloy, using a torsion pendulum at about one cycle 
per second. The internal friction peak due to carbon 
migration was observed as a function of the tempering 
temperature. The data may be summarized as 
follows: 

(1) There is no carbon peak for the as-quenched 
martensite. 
the 


(485°C) for 


(2) The carbon peak is not detected until 
martensite is tempered at about 900°F 
one hour. The peak then increases in magnitude as 
the tempering temperature is raised. 

(3) The temperature and half-breadth of the in- 
ternal friction peak are the same as that for carbon in 
alpha-iron, indicating that this is a true carbon peak 
and represents the same migration process. 

(4) After the martensite has been tempered for 
twenty hours at 1200°F (650°C), the carbon peak is 
still not as pronounced as that exhibited by low- 
carbon alpha-iron quenched from the same tem- 
perature. 

(5) A high-temperature internal friction peak is 
observed at 428°F (220°C), and the intensity of this 
peak decreases with increasing tempering temperature. 

The absence of a carbon peak in as-quenched 
the 


martensite is noteworthy. Evidently, stress 


applied in the torsion pendulum is insufficient to 
produce migration of the carbon atoms from their 
preferred interstitial sites in the body-centered 
tetragonal lattice. 

At the present time, we can only speculate con- 
cerning the delayed appearance and the relatively 
low intensity of the carbon peak when martensite is 
tempered. Probably the initial ferrite that appears 
on tempering (in the so-called third stage) is highly 
imperfect and contains many subgrain boundaries. 
Carbon atoms these low-angle 


may be keyed at 


boundaries as well as at random dislocations, and 
would thus be unavailable for stress-induced migra- 
tion. It is also conceivable that the martensite may 
retain some degree of tetragonality on tempering 
up to 900°F (485°C), and this could also pin down 


carbon atoms. 


A third possibility is one suggested 


by Zener in private discussion. In the presence of 


numerous small carbides precipitated during the 


THE EDITOR 9] 
early stages of tempering, the prec ipitation of carbon 


from the ferrite may be so rapid as to essentially 


maintain the equilibrium concentration of carbon on 
quenching from 900°F (485°C). Since the equilibrium 
carbon concentration at room temperature is 
extremely low, 


the 


a carbon peak would not be observed 


until distance between the carbide particles 


became sufficiently large 

The high-temperature internal friction peak offers 
some support for the imperfection hypothesis, inas- 
much as this peak may be associated with the 


pre sence 


of sub-boundaries. Such a should decrease as 


the 


peak 


tempering temperature is this is 


observed to be the case Howe\ definitive 
( xperiments are necessary 

P. STARK 
Department of Metallurgy, B. L 
Massachusetts Institute AY 
of Technology, 


Mass 
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Observations on the Deformation 


of Niobium 


refers 


hnces 


Th re have hee hn hummer 
behavio1 ol 
Th 


niobium sing 


to the deformational 


not strain-harde 


doe 


fact. show that 
no strain-hardening at room 


In Fig. | 


drawn wire is shown 


the stress-strain « 
as D 


tion the specimen tailed 


necking. Some strain-hardenin 


] Stress-stral 
D as-rTece 
A: annealed 
B: bamboo 
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Typical shear fracture in single crystal 
of niobium. 20. 


annealed wire, with a grain diameter of less than 


0.1 mm, failed in a brittle manner at a stress indicated 
by A in Fig. 1. 
consisting of 6 grains, each about 5 mm long, failed 


Two specimens with bamboo structure, 


by cleavage on {100} planes the normal to which had, 
respectively, an angle of 40 and 25 degrees with the 
specimen axis. The cleavage occurred in the neigh- 
borhood of a grain boundary. The fracture stress is 
indicated by B in Fig. 1. Two single crystals (curves 
Sl and S82, orientation shown as an insert in Fig. 1) 
showed a small vield point and no work-hardening, 


Both failed 


in adjacent grains 


in one case up to 10 per cent elongation. 
by a chisel-type necking (Fig. 2) 
within the grips. The main crystals, however, were 
observed to deform to an extent comparable with the 
total elongation measured. 

The 


Metallurgical Corporation, and contained solid im- 


niobium was obtained from the Fansteel 


purities to the extent of 0.6 per cent. The major 


impurities were as follows: 


Ta 0.16 per cent 
0.2 per cent 


bring up the balance 


The and contents, 
determined through the courtesy of Dr. O. Marske 
and Mr. D. I. Walter of the Metallurgy Division of 


the Naval Research 


oxygen, nitrogen, hydrogen 


Laboratories, were as follows: 


H, N, 


per cent 


per cent 


per cent 


0.0390 0.047 


0.0047 


Sample A* 1.56 
B 0.058 0.0085 


D 0.058 0.0020 0.0026 
* The 


seems consistent 


sample 


exhibits. 


high gas 


extremely content for 
with the extreme brittleness it 


The textures of the as-received and the recrystallized 


niobium were determined to be 
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The samples were heated by means of their own 
resistance within five minutes up to a temperature of 
A) and to just the 


melting-point (samples B and 8). They were main- 


about 1300°C (sample below 
tained at these temperatures for times up to four 
hours in a dynamic vacuum of about 50 microns 
The 
Polanyi-type tensile apparatus at a strain-rate of 
3 LO 0.0L (strain 


differences to 


mercury. deformation was performed in a 
Strain was measured to 
0.0001), and the stress to an accuracy 
of +0.2 kg/mm?*. Specimens were 1 mm in diameter 
by 20 to 30 mm long. 

effect of 
and 


A more thorough investigation of the 


strain, strain-rate, temperature, grain size, 


impurities on the absence of strain-hardening is 
now under way at the University of Pennsylvania. 
The work reported here was conducted at The Johns 
Hopkins University, Baltimore, Maryland, under the 
sponsorship of the Office of Naval Research. 

Harvard University, U. F. Kocks 
Cambridge, Massachusetts 
and . MADDIN 
School of Metallurgical Engineering, 

University of Pennsylvania, 


Philade lph ia, Pen nsylvan ia 


* Received June 30, 1955. 


Note on the Uniqueness of the Boltzmann- 
Matano Solution of the Diffusion Equation* 


A special solution due to Boltzmann” of Fick’s 
second law in one dimension 


4 D + 


with the initial conditions that 


C,, for 0 % and that 


for O x x0. 


has often been used in the experimental determination 


of the function D(C).{* ® This solution is obtained by 


making the substitution C = C(A) with 4 = 2/Vt, in 


which case equation (1) reduces to 


ZdaC d dC 
- | D—}, (3) 
2dh di. 


an ordinary differential equation. Thus corresponding 


boundary conditions are 
C C for 2 


for A 
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A first integration leads to the one which reduces equation (1) to (3 


Ldc 


°C considering equation (3) in the expanded form 
Ade. 5) 
y | dD 


Cc . 
0 : dD 
Equation (5) is applied to experimental data, subject 
to the condition"? that we invoke the sufficient (and also physically reason- 
eC able) conditions that D(¢ and dD/dC are continuous 


1 
6 
| Ad ? \0) and finite and that D is non-zero at all points of 
( ( ( 
0 1° 


which allows for any volume changes or Kirkendall PS Paar ee € (8) such that 
re st e SOLUTLONS O such Li Aas 


D(C) 


d}* 


effects which may have occurred during diffusion. 
We will, for the present discussion, ignore such com- _ ail dt ad“ 
plications. 

The question arises as to the uniqueness of solutions 
of the form (C C(A) as applied to the specified 
boundary conditions. Many writers, including 
Matano,‘?) Rhines and Mehl,‘®) Mehl, Le Claire,@ 


and Boas,‘® have erroneously taken the view that 


ave adowhwar' 


this relationship is an assumption which must be (The second term of (8) may be ignored, since in the 
checked by experiment and at best can only be limit it vanishes as (dC/d/)*.) These solutions a1 
an approximation. Others, including Jost, precisely those described by conditions (4). It follows 
Wagner, and Barrer,”°) appear to be aware of the — therefore that since we can always find a solution to (3 
uniqueness of such solutions, although they have not (and therefore of (1)) that satisfies all the required 


stated this explicitly. Seitz") and Darken,“” as far boundary conditions, then that solution is uniqu 


as the author knows are the only modern authors who It is concluded therefore that any significant 


observed deviation from the relationship ( C'(A) is 


any assumptions 


have shown explicitly, though non-rigorously, that 
for the given boundary conditions, a unique solution not to be attributed to 


C = C(A) can always be found. the Boltzmann-Matano analysis, but rat! 


It appears that we must appeal to Boltzmann for failure of Fick’s law or to an incorrect 
the first and last word.”) He did not assume, as is the boundary conditions 
often stated, that C C(2) where 7 a/V t. Rather, 


1 
{/aminium Laborato? 


he gave first the formal solution to equation (1) for 
Kinaston Ontarrvo 
Now at the De partment o 


McGill University, Monti 


the given boundary conditions; viz., 
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It is clear that this satisfies equations (1) and (3), 
that it meets all the boundary conditions, and that 
the integrals exist and are finite for any physically 
reasonable variation of D with C(/). The solution is 
therefore unique, and C is a function of A. 

It is, of course, unnecessary to know the above 
solution to prove the uniqueness of the statement, 


© —C(A). We note that this relation with / r/Vt 


provides for the possibility of a step-function as the 


initial condition, since Vt becomes the scale-factor 
for x and as such collapses any function of x into the 
origin as t—> 0. Any other ratio of positive powers of 
x to t would do this also, but this particular choice is ~— 
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Tin Whisker Studies. Observation of Some 
Hollow Whiskers and 
Some Sharply Irregular External Forms* 


In a recent study of tin whiskers using high- 
resolution light microscopy two new features were 
The first 
of thei 
that the tin phase did not extend completely across 
The that 


possess¢ d heavy ily “Ate d’’ surfaces W ith rresponding 


revealed. was that some whiskers, for at 


least part length, were hollow in the sense 


the section. second was many whiskers 


irregular cross-sections. 
The whiskers were grown by S. M. 


these laboratories, from the tin constituent of a tin- 


aluminum alloy. For examination the whiskers were 


embedded together with the base in a commercial 


styrene polyester which was allowed to polymerize in 
situ. The sections were polished, metallographically, 


approximately transversely. Precautions, including 


the use of soft wax laps, were taken to prevent 


‘burring-over’’ of whisker sections 


Figs. l(a), 1D). C), and (d) show sections of a 


whisker after a first polishing and after three succes- 


sive repolishings, each of several microns in depth. 


was 2000 and the resolution, 


The 


using an objective of numerical aperture 1.4 together 


magnification 


fter second repolishing. 


(d) After third repolishing. 


Tin whisker sections. 


Fic. l. 
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Arnold?) of 
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with an interference filter with peak transmission at 
5000 A (0.5 micron), was of the order of 0.2 micron, 
about one-tenth the “diameter” of the whiskers under 
study. The mi roscopic appearance of the dark area, 
the whisker at the left 
hole. This ‘‘hole”’ 


persisted through (b) and (c) and can still be seen near 


marked by the arrow, in 


strongly suggested that it was a 


to the base of the whisker in (d). The whisker has 
changed in shape from (a) to (d), but the possibility 
of such change has been demonstrated.‘* 4) The 
light-colored area in (d) near the whisker section is a 
high point of the somewhat irregular surface of the 
base material. The conclusion is that for at least part 
of its length this whisker was hollow. 

While whisker sections containing holes were not in 
the majority, several other whiskers with holes were 
found. One of these was twice repolished and the 
hole found to persist. In this particular whisker the 
hole appeared to consist of a series of smaller inter- 
secting holes grouped in a line near the center of the 
nearly-oval section. 

The whisker sections generally did not correspond 
The 


mentioned, which corresponded to 


to any geometrically regular form of surface. 
de p “fluting”’ 
irregular and sharply outlined sections, was observed 
below the surface of the plastic mount. 

Any 


whiskers 


mechanism proposed for the growth of tin 
should take the 


consideration. 


above findings into 


EK. E. THomas 
Be /] le phone Lahoratorie 8. 
Murray Hill. Ne uw Je 
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Slip Patterns of Deformed Permalloy* 


and H. 


difference 


Wilsdorf have 
between slip 
that of 


the same difference 


D. Kuhlmann-Wilsdorf 
pointed out an essential 
patterns of pure metals Al, Cu, Ag, and 
We 


pure 


have confirmed 


between nickel and permalloy by electron 
microscopic observation. 

Specimens are prepared by melting commercially 
pure electrolytic nickel and iron in high vacuum. 


The polycrystalline plate specimens containing more 


= 
4 
\ 
1) As origima see! 
3. 
4. 
b) After first repolishing 
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LETTERS TO THE EDITOR 


Fie. 1. 


Typical elementary structure of 
pure nickel elongated 1 per cent. 


Fic. 2. 
Ty pical cross slip in 80 per cent 
nickel permalloy elongated 3 per 


cent. 


Fic. 3. 


Double slip in 80 per cent nickel 


permalloy elongated 3.9 per cent. 


95 
4 


‘ 


Slip patter 
boundaries in 80 per 


nickel permalloy elongate: 


3.9 per cent. 
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TO 


than 50 per cent of nickel are, after careful polishing, 
annealed in pure hydrogen at 1300°C for a few hours. 
The average grain size is 0.1 to 0.3 mm in diameter. 
Then the specimens are electropolished, and elongated 
| to 5 per cent at room temperature. The micro- 
scopic replicas were prepared by Fukami’s method, 
i.e., collodion one-step replica shadowed by palladium. 

Fig. 1 shows that the typical elementary structure 
appeared on the surface of pure nickel, which can 
be observed in the range 100 to 95 per cent of nickel. 
In pure nickel, the average spacing between fine slip 
lines is about 350A, and the depth is roughly esti- 
mated at scores of A. By adding iron, the spacing 
increases. 

Further increase of iron content prevents slip 
lines from arranging themselves uniformly, and their 
On 


permalloy with iron content of more than 20 per cent, 


spacing and depth become larger. deformed 
often no slip line can be found within a randomly 
chosen space covering more than | uw, but in another 
place clustered slips with finer slip spacing of 500 
to 1000 A will be visible. Whereas the depth of slip 
is dependent on the grain size and straining condition, 
occasionally the deep slip line of 1000 A or more in 
depth is observed. Fig. 2 shows the typical cross slip 
in 80 per cent nickel permalloy. 

Cross and double slips are abundantly observed 
in permalloy, and in some cases the cross slip occurs 
prior to the formation of double slip as shown in 
Figs. 3 and 5. Annealing twins are visible quite 
often. At the twin boundary, change of slip direction, 
cross slip, and branching of slip lines occur as a 
Figs. 4 


The disturbing influence of grain boundaries on slip 


common feature, as can be seen in and 5. 
lines is greater than that of twin boundaries, as shown 


in Fig. 6. Thus, the slip pattern of permalloy can 


be concluded to be similar to that of «-brass.“» 2 

Further investigations on the dependence of spacing 
in the elementary structure on the magnitude of 
strain, the fine structure in a large slip, and the 
effect of superlattice formation on slip pattern are 
now under way. 

The authors wish to thank Professor 8. Kaya for 
his helpful suggestion and advice. Also a of 
thanks goes to Dr. T. Taoka for his sincere guidance 
There 


Okawa 


note 


on electron microscopic techniques. were 


many helpful discussions with Professor A. 


and Dr. F. E. Fujita. 
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Anisotropy of Grain Boundary 
Self-Diffusion* 


the results of 
self-diffusion of 
parallel] 
to the tilt axis (a common [100] direction of the two 
The 


misorientation 


the 


A recent publicat ion! described 


measurements of the rate of silver 


along simple tilt boundaries in a direction 


grains forming the boundary) dependence of 
the 


and 


rate of diffusion on crystal 


on temperature was consistent with 


boundaries and with 


model of 
along ed 


that diffusion g 


magnitude larger 


dislocation orain 


e disloc ations 


the cone ept 


is several orders of than lattice 


diffusion 

As pointed out in the discussion of reference 
the dislocation model also leads to the pre diction of 
anisotropic boundary diffusion rates. Specifically, 
for 


very 


very low angle grain boundaries, we expect 


high 


separated and diffusion through the 


since the dislocations are 


anisotropy, 


wide ly boun- 


daries in a direction normal to the dislocation pipes 


(i.e., normal to the tilt axis) should be only of the 


magnitude of lattice diffusion 


the 


order ot 
orientations in range 10-20 
spacing becomes very small and 


should decrease sharply; for very 


lislocation 


boundaries (9 — 45 the « 


down, and we expect a minimum, pcrhaps \ 
anisotropy 

Quantitative measurements of the 
diffusion anisotropy as a function 
orientation should thus serve as 
The 


results of 


dislocation model 


the 


purpose 


such measurements in tilt 


report 
The experimental technique 
Measure- 


paralle 


boundaries of silver 
was the same as that used previously 
an 


made directions 


tilt 


ments were 


perpendicular to the axis over a range of 


misorientations, at temperature ot 


450°C. 
Unfortunately, quantitative results could not be 
because of the extremely slow 


obtained for 4 16 


diffusion normal to the tilt axis. However, this fact 


alone is a qualitative demonstration of the high aniso- 


tropy at low misorientations. For 16° < @ 15 


the penetration curves for diffusion in both directions 


ior mis 
the dislocat 
isotron 
model | 
4 
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Fic. 1. The dependence of grain boundary diffusion anisotropy 


on crystal misorientation at 7’ 450°C. 


were characterized by the usual exponential decrease 


of activity with the first power of the distance. 
The penetration curves were analyzed according to 
the method of Fisher‘ to give values of the para- 
Dod, where D is the boundary diffusion 
coefficient and 0 is the effective width of the boundary. 
As a measure of the 
diffusion relative to the common [100 


The 


is plotted as a function of #. 


mete! 


anisotropy, we use the ratio 


subscripts denoting the 


the two grains. results are shown in Fig. 1. 


where P 


For as far as these measurements extend. the 


dependence of the anistropy on misorientation is 


entirely in accord with the dislocation model of grain 
and constitutes further confirmation of 


boundaries, 
the conclusions of the previous paper. 

It is also of interest to note that anisotropy persists 
Thus 


the concept of a large-angle grain boundary as a 


in boundaries of maximum misorientation. 
uniform slab of disordered material is not. in general, 
valid. 

E. HorrMan 
Gre Vié ral Ele ctric 
Re search Laboratory, 
Schenectady, New York 


References 
D. TURNBULL and R. E. Horrman, Acta Met., 2, 419 (1954). 
2. J. M. Burcers, Proc. Phy (1940). 
3. J. C. Fisuer, J. Applied Phys., 22, 74 (1951). 


S. D0C., 


* Received August 24, 1955. 
by the United States Atomic 
Contract No. W-31-109-Eng-52. 


This work was supported 
Energy Commission under 


direction of 


direction of 


VOL. 4, 1956 


A Mechanism for 
the Formation of Intergranular Cracks 
when Boundary Sliding Occurs* 


Greenwood, Miller, and Suiter™ showed recently 
how some metals and alloys, particularly brass, when 
strained at elevated temperatures tend to break with 
intercrystalline fractures which develop from small 
cavities in the grain boundaries. They advanced a 


hypothesis to account for their observations, in 


which it was suggested that the cavities are formed 
by the agglomeration of vacancies. It was pointed 
out subsequently") that the kinetics of the agglomera- 
tion of vacancies at transverse boundaries are not 
easy to formulate, and there is also doubt whether 
vacancies will agglomerate at all, even under favor- 


lished work of Brooks). 


an alternative hypothesis which appears to fit the 


able conditions (see, ©.2.. tead'®) who quotes unpub- 


The present note describes 


experimental observations remarkably well. 

The main experimental observations of Greenwood 
et al.” were as follows: 

1. Reduced ductility and grain-boundary cracking 
the small 


the 


is associated with prior formation of 


cavities which are generally found only in 


boundaries transverse to the applied stress. 
the 


high 


2. Cavities only appear if temperature of 


and the rate of 
their 


in number 


deformation is sufficiently 


deformation sufficiently low: incidence is 


concurrent with the reduction and 
increased spacing of slip lines and with the onset of 
grain-boundary sliding. 

3. Cavities are not found in twin boundaries: but 
where a twinned area terminates at a grain boundary, 
cavities are often associated with this part of the 
boundary and not the rest of it, or vice versa. That 
is, there appears to be a de pende nce on orientation 
difference across the boundary. 
also 


There is evidence that the spacing of the 


cavities along the boundaries is about the same as 
that of optically visible or etched slip lines. 

The model proposed now is similar to that suggested 
Fisher™ for the 


within a crystal. Fig. l(a) is a representation of a 


recently by initiation of cracks 
transverse boundary in which sliding is taking place 
between the grains A and B, with the applied stress 
Fig. 
occurred in grain B, as shown, and this may result 


as indicated. In “dynamic” slip has 
in a “jog” in the boundary. The jog due to this slip 
will be much smaller than, for example, a slip step 
at a free surface. The size of the jog will depend on 
the number of dislocations which run through the 


boundary to initiate accommodating slip in grain A; 


| 
0 ‘5 20 2 30 38 40 «4 
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the remaining dislocations will remain piled-up, as 
indicated, and there will be a stress field around orate. 
them at the boundary. Slip across grain boundaries, A 


similar to the postulated accommodating slip, has 
SLIDING BOUNDARY 


been observed and studied by Ogilvie.“ However, [A] < 


since the boundary is sliding, the situation shown in 


Fig. 1(c) will tend to develop immediately before the 
jog can be straightened by boundary migration, 
provided that cohesion across the jogged portion of 
the boundary can be broken under this motion. The 
presence of Mott’s “regions of bad fit’? in the _ACCOMMODATING 
boundary and the stress field of the remaining piled-up 
dislocations would appear to give the necessary 


conditions for this loss of cohesion to occur when the 


jog is small. The collapse of a void formed in this 
way in a transverse boundary is prevented by the 
applied stress, but would be assisted in a longi- f 
tudinal boundary. A void once formed is then 
capable of enlargement by stress concentration as 
previously suggested” for the nuclei formed by 
agglomeration of vacancies. 

It will be seen that this accounts for the experi- 


mental observations listed above; in particular, the 


fact that cavitation is only observed as a concomitant 


to boundary sliding is incorporated as an integral 


part of the hypothesis. The detailed application of | 


the hypothesis to observation 3 above shows that ho. 1. 


there should be an orientation dependence for the ~~ 
sliding in aluminum becomes prevalent only) 
formation of cavities. Consider two neighboring A ; 
; optically visible slip has entirely disappeared 
erains whose orientation difference is suitable for 
: é both aluminum and lead, grain-boundary 
slip to run through their boundary: then, on the sa 
appears to occur more readily than in 
present hypothesis, this could lead to jogs and the 
the preservation of a jog for long enough 
formation of cavities. However, if part of this boun- , ' 
by boundary sliding appears less likely 

dary pertains to a twin in one of the grains, the an eS 

: This work forms part of the programme 


of the Physical Metallurgy Section of Commo 


orientation difference is likely to be unsuitable for 


slip to cross the boundary, and the jogs neccssary 
' Scientific and Industrial Research O 


to initiate cavities will not be formed. The observed 
Australia 


difference between the two parts of the boundary 
might also arise from the “‘herring-bone” pattern ' 
of slip in twinned grains, because this could imply ; 

Industrial Research Organization 


jogs of opposing slo eS, SO that boundary sliding 
JO; PY I Melbourne. Australia 


which opened one kind of jog would tend to make the 
others interlock. Such locking would not necessarily References 
stop boundary sliding, since interlocking can be R. M 
relieved by boundary migration. 
Boundary sliding has been clearly demonstrated 
during creep of high-purity aluminum‘ and _ high- 
purity lead,“ and it may be asked why these metals 
should not fail in a brittle manner by the cavitation 


mechanism. The metals used in the cavitation 3. G. J. Ocitvigr, J. Ins 
. . . Morr, Proc. 

experiments were not high-purity to the same 

degree that the aluminum and lead were, and this’ 9. R. C. Girxuys, ibi 


could be important. Apart from this, boundary * Received Aucus 
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Au Sujet de la Mise en Evidence de la 
Polygonisation de Aluminium par la methode 
des Rayons X et par la Micrographie* 


Un article récent de MM. Lambot, Vassamillet, et 
Dejace sur la polygonisation de l’aluminium™ nous 
incite a rappeler quelques résultats obtenus au cours 
de nos recherches. 

Ces auteurs montrent l’existence d'une striation 
tres fine de toutes les taches de Laiie a grande dis- 
tance obtenues par une méthode de focalisation en 
rayonnement monochromatique. Dans nos expéri- 
ences, et en utilisant une méthode de focalisation a 
grande distance en rayonnement polychromatique 
(méthode de Guinier-Tennevin) nous avons constaté 
seulement une subdivision en une série de petites 
taches, a la suite de recuits 4 haute température: 
d’autre part, nous avons pu relier les aspects observés 
par micrographie et linterprétation des taches de 
diffraction obtenues sur les mémes cristaux.’) I] 
semble donc que les striations fines et périodiques 
observées par M. Lambot dans toutes les taches 
obtenues et la subdivision en taches plus petites ne 
correspondent pas au méme phénomeéne. 

Nous avons aussi montré la nécessité de travailler 
avec un métal aussi bien défini que possible au point 
de vue de sa pureté et de son état de recristallisation. 
En effet, nous avons obtenu la subdivision des taches 
de rayons X apres quelques heures 4 630°C pour un 
aluminium, 99,999 pour cent, au lieu des quelques jours 
nécessaires avec un aluminium technique 99,5 pour 
cent.!®) 

Nous avons souligné l’importance des tensions 
favoriser le réarrangement des dis- 


internes pour 


locations en parois; la trempe, donnant une faible 
déformation plastique et créant des tensions internes 
méthode de choix pour obtenir la 


élevées est une 


polygonisation de grands cristaux. Des expériences 
récentes effectuées au laboratoire de Vitry soulignent 
encore ce point de vue. On a montré que le simple 
fait de passer a faible vitesse un monocristal dans un 
four a 630°C provoque la polygonisation du cristal. 
L’influence, sur ce phénoméne, de trés faibles teneurs 
en certains métaux est actuellement a l'étude au 
laboratoire. 

montré subdivision des 


Nous avons aussi que la 


taches de Laiie ne se produisait qu’a la suite d’un 
recuit a une température relativement élevée. Un 
monocristal d’aluminium 99,999 pour cent n’évolue 
pas apres trempe pour des recuits prolongés & 400° au 
500°. On observe les phénoménes de polygonisation 
uniquement vers 630 


Tous nos résultats nous ont permis de considérer 
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l'état polygonisé comme un état trés stable, postérieur 
& la recristallisation. L’apport d’énergie produit par 
le chauffage 4 température élevée permet la diffusion 
Vintérieur 


des dislocations et leur réarrangement a 


d’un cristal encore imparfait. 


CHRISTIAN DE BEAULIEU 


Centre d’ Etudes de Chemie 
Metallurgique (Laboratoire de Vitry 
du Centre National de la Recherche 
Scientifique), 15, rue Georges Urbain, 
Vitry, France 
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Space Charge in Formation of 
Anodic Oxide Films* 


Dewald in a recent letter to this journal has 
advanced a theory (since published in more detail 
elsewhere ?)) to account for the apparently anomalous 
lack of 
Vermilyea‘® for the range 0-80°C and confirmed over 
(4) 


temperature dependence reported by 
a smaller temperature range by the present author 
of the Tafel slope dE/d Ini (where E 
current 


mean field 


strength in oxide, and 7 ionic density 
through oxide) in the formation by anodic polari- 
immersed in 
Dewald 


took into account the non-linearity of the potential in 


zation of oxide films on tantalum 


aqueous solutions of certain electrolytes. 


the oxide due to space charge by assuming that the 


latter is due solely to Ta®* ions in transit; and, 
further instead of considering only, as do Mott and 
Cabrera, the limiting cases of rate control by 
alternatively the barrier at the oxide/metal interface, 
or the succession of unit jumps in the diffusion of 
Ta** Dewald 


ions through the oxide, derived an 


expression involving dual control of the current by 


these two processes. Vermilyea,“® also in a letter to 
this journal, has criticized Dewald’s theory on the 
ground that the predicted variation of field with 
thickness has not been observed, and has concluded 
that the concentration of ions in transit is negligible. 
The purpose of the present letter is to report further 
Dewald’s 
the same 

detailed 
examination (to be published later) of the results in 


observations which are consistent with 


theory. Niobium was found to exhibit 


apparent anomaly, as does tantalum. A 


E 


S TO THE EDITOR 
relation to Dewald’s theory has shown that the latter . a 
accounts for the results giving reasonable values for 
all the parameters, except that, as with tantalum, the 
estimated jump distances are rather large. This, 
however, can be explained if the effective field- 
promoting ionic movement is greater than the 
Maxwell field because of polarization—as was 
suggested elsewhere might be so.“ The predicted 
change of field with thickness is very small and could 
easily be masked if the current efficiency fell off at 
large thicknesses and high temperatures. 
Impedance measurements gave what appears to be 
rather direct evidence that appreciable space charge is 
present during formation and decreases with increas- 
ing current density, as predicted by Dewald’s theory 
for the case that a/b > 1, where } and a are approxi 
mately the half-jump-distances for diffusion into and 
through the oxide respectively. Fig. | shows logy Fi 


(C(t) XD) 1) plotted against t, where U(t) series ity decreases as it would 


| 
( 


equivalent series capacity at 1.0 ke/s and 30° conductivity of parts of the 


oxide 
for a series of film thicknesses at time ¢ after cessation equivalent circuit of the film may b 
of formation at constant current densities of about — conieg of capacities each with a parallel resistan 


) m-2 The eauivale ries 
1.0, 0.1, and 0.01 mA/em~*. The equivalent seri time constants varying through the oxide due 
resistance also falls with time. The capacity of a variation the specific conductivity 


film of given thickness measured immediately after hypothesis the initial capacity is | 


formation is larger, the smaller the current density 
[t falls with time by an amount of the order 1 percent 4 hence more non 
to a value independent of current density. It hasbeen 
shown elsewhere” that the frequency dependence of 

the impedance of niobium oxide films can b 

accounted for on the assumption that the specific 

conductivity of the oxide (electronic conductivity at 

low fields) varies through at least part of the oxide i 

a manner which might be due to variation in non References 
stoichiometry. It is now suggested. following this 
theory, that the explanation of the results indicated 
above is that on ceasing formation the excess metal 
responsible for the space charge during formation is 
partly frozen or chilled in, and only slowly a 
itself towards its equilibrium distribution. 


adjustment happens to be such that the equivalent 


LO] 
. 1mA/cm. 
‘ 
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f tl fic 
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X-Ray Diffraction Procedures for Polycrystal- 
line and Amorphous Materials. By. H. P. 
Kiue and L. E. ALEXANDER. pp. xiii + 716 with 

New York, John Wiley and Sons, Inc.; 

1954. Price $15.00; 


325 figs. 
London, Chapman and Hall. 


£6. 


X-Ray Diffraction by Polycrystalline Materials. 
Technical editors H. S. Preiser, H. P. Rooxkssy, 
and A. J. C. Witson. (Physics in Industry Series.) 

London, The 


$9.00. 


pp. 725 with 263 figs. 
Physics. 1955. Price 63s.; 
Much interest attends the arrival from opposite 
Atlantic of 

X-ray diffraction by 
materials. First to 
H. P. Klug and L. E. Alexander, an ambitious project 


in which these two well-known 


sides of the two we ighty volumes both 


dealing with polycrystalline 


has been the book by 


appear 
of private enterprise 
American crystallographers build upon their con- 
siderable tea 
diffraction. The 
Sub-Committee of 
Institute of 
technical editors, H. S. Peiser, H. P. 
A. J. C. Wilson, have through long effort succeeded in 


assembling a galaxy of British crystallographic talent 


hing and research experience in X-ray 
second book was sponsored by the 


X-ray 


Phy SICS. 


Analysis 
The 


Rooksby, and 


Equipment the 


Group of the British 


to cover the diversity of topics now within the field of 
powder diffraction 
The 


Klug and Alexander have a double object in view. 


aims of the two books differ consid rably. 
They wish to combine with a complete discussion of 
expt rimental techniques an introductory textbook of 


X-ray crystallography. Their book is intended to be 


a self-teacher; put in the hands of the worker who has 


no training in X-ray crystallography, and who lacks 
the self-reliance of an experienced researcher, it is 
intended to lead him by easy stages from basic con- 
performance and understanding of 


To further this end, 


cepts to the 


advanced techniques. the book 
is copiously illustrated, and the numerical analysis 
involved in many typical experiments is followed 
British 


have been set a much easier task: they can assume 


through in detail. The writers of the book 
prior knowledge of basic X-ray crystallography on the 
part of the reader, together with sufficient experience 
to proceed under his own steam through the analysis 
of experimental data when given only the basic 
JANUARY 1956 
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Institute of 


formulae. Consequently, space has been available to 
them for the presentation of a greater number of 
facts on a wider range of topics. They have produced 
a handbook rather than a textbook, but it should be 
remembered that a good handbook, in the hands of a 
student able to do some thinking for himself, can also 
bea textbook. 

Bearing in mind the above-mentioned differences, 
the two books may now be examined more closely. 
The first three chapters of Klug and Alexander’s 
volume follow fairly conventionally the lines of a 
general textbook on X-ray crystallography. Chapter 1 
deals with the geometry and symmetry of crystals 
It is rather closely packed with 
the 


and space lattices. 


material and will be found indigestible by 


novice, though useful for reference purposes. Chapter 
X-rays, 


provides a simple but on the whole adequate intro- 


2, on the production and properties of 


duction to a variety of topics in this field. To help 
the X-ray 


including those for /-filters, are given in detail. 


absorption, 
It is 


beginner, calculations of 


stated, however, that u/p varies as Z*, whereas this is 
the relationship between atomic absorption coefficients 


and Z (Bragg and Pierce’s Law). Mass absorption 


coefficients are much more closely proportional to Z?. 


Chapter 3 gives an elementary account of the basic 


geometry of X-ray diffraction, including a demon- 


stration of the geometrical relationship between 


Bragg’s equation and the Laue equations which is of 


interest to the student. The following section, on the 


intensity of diffracted beams, is unclear in many 


places. There is confusion between the number of 


atoms and number of unit cells in unit volume, and 
that diffraction 


more diffuse when the specimen is 


the statement maxima become 
pre OTE ssively 
heated could be taken to imply a broadening of 
Bragg reflexions due to thermal motion. Following 
chapters are on the whole much stronger. A good 
survey of photographic powder techniques is offered 
in Chapter 4 and detailed instructions are given on 
specimen preparation and the adjustment of specimen 
and cameras, aided by many figures. Next comes the 
most interesting feature of the book, the first detailed 
account of the powder diffractometer technique. 
Chapter 5, of eighty-two pages, is devoted to this, 
and various applications of powder diffractometry are 
dealt with in subsequent chapters, adding roughly 


thirty-four more pages of material on this topic. 
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Diffractometer users will welcome the instructions on method to apply in particular circumstances 
adjustment and calibration of the instrument and on _ lite-size determination from line broadening 
the preparation of specimens. Valuable, too, is the subject of Chapter 9, including the extension 
discussion, summarized in three tables, of the best crystallite shape determination. The treatment of 
choice of instrumental variables such as apertures, the corrections for instrumental broadening has 
scanning speed, and time constant. Certain criticisms particular relevance to the diffractometer technique 
of this chapter may be offered. Rather much attention and is well illustrated by a number of 1 
is given to the X-ray optical characteristics of the a little surprising, however, that no ment 
first Norelco diffractometer, whereas the great of graphical or numerical methods for 
majority of workers interested in high-quality records _ profiles from the pattern produced by 
will now be using the much more refined later model. Aa doublet components. This is a fre 
In contrast to the rather gentle pace of exposition in ring problem, particularly to the diffra 
the rest of the book, the reader is led rather abruptly The discussion of stress measurement it 
into the intricacies of convolution analysis. Here a _ preferred-orientation determination whi 
little more explanation is required, and a figure Chapter 10 is along conventional 
should be included. In the expression for the dis- feature of the book is C 
placement of center of gravity of a line as a result of diffraction by materials | 
vertical divergence, equation 5-17, the numerical A very readable account is g 
factor should be 1/24, not 1/8. This chapter includes analysis by means of 
a rather detailed account of procedures for correcting scattered-intensity data 
for Geiger-Miiller tube counting losses but no mention described and sources 
is made of the X-ray proportional counter. The value The final chapter, on 
of this type of detector for obviating counting losses — offers a balanced if not 
was demonstrated in 1951, and it is now commercially In Appendix I some 
available in diffraction equipment. In the discussion planning the layout of 
of recording technique it is stated that a large time \ppendix IT ther 
constant reduces both peak height « area of processing. X-ray data al 
diffraction maxima, whereas the area is in fact contained in the remail 
unaffected. reprinted 
The chief topic of Chapter 6 is the indexing of Alug and 
powder diffraction patterns of cubic and non-cubi¢ of the histor 
crystals. The exposition, aided by several worked a numbet 
examples, is clear, but does not extend as far as papers that 
discussion of the methods of Vand or Ito Among 
various information contained in this chapter isa useful 
table of tungsten L spectrum lines likely to be found in 
contaminated X-ray sources. Chapter 7, on qualitative 
and quant itative analy sis of powd rs, contains detailed consists of 
instructions for using the A.S.T.M. index which will mental t 


be helpful to the inexperienced worker, and describes procedures, while the third cont 


some applications of the diffractometer in this field on the results obtained from 


A discussion of stability and reproducibility tests on polycrystalline materials. The 
by Peiser, Rooksby, and Wilson 


the latter instrument will be found informative. The 
account of precision lattice parameter determination summary of crystal geometry and 

by the powder method, which follows in Chapter 8, is of X-ray diffraction 

very well arranged. An elementary geometrical give a good general description of X-ray 
analysis of camera errors is given which is sufficient to and _ film-measuring equipm 

familiarize the reader with the quantities involved. thorough account by J 

The results of more rigorous analyses are presented in Debye-Scherrer powder cameras a 

graphical and tabular form. Extrapolation and  ofspecimens. G. W. Brindley contribut 
analytical methods are explained through worked monochromators and focusing cameras which 
examples, and the discussion concludes with a as complete or up-to-date as could be desired 


tabular guide to the choice of the most appropriate another chapter on glancing-angle and _ flat-layer 
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techniques which serves a useful purpose in presenting 


» summary of his early analysis of the X-ray optics of 


flat specimens, which deserves to be better known, 


ind of the more recent analysis by Wilson. A not 
letailed description of the  back-reflexion 
technique follows, by J. Adam. 


U. W. Arndt on the diffractometer includes an account 


very 


The chapter by 


of Geiger, proportional, and scintillation counters, and 


f counting statistics, which many diffractometer 


users will find of interest. They will not, however, 


find in this article much practical guidance on 


diffractometer operation. In a brief discussion of the 
effects of mis-setting of the specimen away from the 


correct 


| ratio of counter angle to specimen angle 


a formula is given for the displacement of centre of 


gravity of diffraction lines due to this error combined 
with the ‘flat-specimen’ error which is quite wrong. 
A brief account of apparatus for small-angle scattering 
contributed by D. P. In the 
high-temperature low- 

Gold- 
Much 


literature 


studies follows, Riley. 


next two chapters and 


temperature methods are discussed, by H. J. 


schmidt and E. G Steward, respectively. 


information is given, with extensiv 


references Hirsch contributes a well-written 


articl 


on X-ray microbeam techniques, and the last 
chapter of Part I is a fair account by A. Hargreaves of 
techniques 


s. The 


for examining preferred-orientation tex- 
authors of those 
pparatus and experim techniques 
steer a course b n confining 
ral descriptions on 
bibliography on 
to decide just how 
experimental arrang 


aeviations irom 


“dmunds. 


a good 
lot] and 
extrapolation an¢ 


principles ol t he 


ethods: very little is said about the 


ntrollin 


raumanis Brown enumerates the 


principal factors the intensity of powder 


diffraction lines and quotes the formulae to apply in 
the 


R. Stokes gives a brief but 


various experimental arrangements. In next 


chapte r, on line profil s, A. 
quite good summary of the theory of broadened 


reflections, and of the various methods for correcting 


METALLURGICA, 


VOL. 4, 1956 


for instrumental broadening. In a short chapter on 
background scattering in powder photographs D. P. 
Riley deals adequately with Compton scattering but 
gives scant attention to the diffuse scattering due to 
such effects as short-range order and clustering which 
are frequently encountered in alloy powder patterns. 
The 


scattering by non-crystalline media, indicates the 


following chapter, also by D. P. Riley, on 
intensity formulae to be applied to various physical 


systems and has an extensive bibliography. A 


variety of topics of interest is included in the short 
article by K. W. Andrews on the interpretation of 
non-continuous diffraction rings. T. Ll. Richards 
gives a good introduction to preferred orientation in 
The last 


Part I], contributed by F. Happey, offers as its topic 


metals in the next chapter. chapter of 


preferred orientation in organic polycrystalline 
materials, but it is in fact largely concerned with the 
geometrical interpretation of various types of pre- 
ferred-orientation diffraction patterns. A number of 
interesting formulae are derived which are of quite 
general application in preferred-orientation studies. 
The powder method in the industrial chemical 
subject of the first 
Valerie 


identification, 


laboratory forms the 
Part III. The 


chi fly about 


essay in 


author, E. Garner, writes 


problems of and thus 


somewhat the earlier contribution by 


erlaps 


A. Taylor. In this essay it is refreshing to see the 


opinion expressed that automation is no substitute for 


intelligent laboratory personnel. A stimulating con- 
] 


tribution follows by V. Vand, on the powder method in 


rgal includes a valuable 


organic chemical r arch It 
discussion of resolution requirements in the recording 
1c powd r patterns, and of the 


lines. <A 


A. Bannister on the powder method in mineralogical 


intensity 


yution of powder contribution bv 


arch contains a sood deal of information of ge neral 
n matters of powder technique. Two rather 


‘jalized articles follow ywwder and fibre 


polymer and biological research, by 


Happ v, and the other on the powder method in 
‘actory and ceramic research, by H. J. Goldschmidt 
and H. M. Richardson. 


consid rable 


Happey summarizes structure 


investigations on a number of natural 


and synthetic fibers. A historical approach is adopted 


but too much weight is attached to %-protein models 


of the pre-x-helix era. Goldschmidt and Richardson 
indicate briefly a variety of studies which are in fact 
fascinating experiments in synthetic mineralogy and 
petrology. The next three essays are concerned with 


metallurgical applications. E. A. Owen gives a 


general description of X-ray techniques for phase- 


boundary determinations, and stresses the advantages 
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\\ Bu h etermination of unit-cell 

U1] : excellent The determination of accu- 

] 4 4 | 

siaes ce param rs is discussed by |. G. IE 

H. Lipson, d H. Steepl They 


BOOK 


of X-ray versus microscopic methods. An interesting 
account of the importance of experimental powder 
diffraction studies for the theoretical metallurgist is 
given by Mrs. A. M. B. Douglas. 
transformations, modulated and interstitial structures. 


Order-disorder 


and the role of Brillouin zones in determining alloy 
phase stabilities are among the topics considered in 
lattice- 


strain measurements form the topic of an article by 


this review. Stress determinations from 
G. B. Greenough. This considers the physical back- 
ground of the X-ray measurements, and indicates both 
the 


Several different topics are touched upon in an article 


scope and limitations of such experiments. 


by J. Thewlis on the powder method in atomic- 
energy research. Of special interest are the notes on 
the 
graphite, and on the remarkable work done by 


recent studies of structures of uranium and 


Zachariasen on structures of compounds of the 
heavy elements. The final chapter, on photographic 
aspects of X-ray crystallography, really belongs to 
Part I. 
mation on the physics of the photographic action of 


The author, R. H. Herz, gives some infor- 


X-rays, discusses characteristic curves, and gives 
good advice for the correct use of X-ray film. A 
valuable feature of this work is the Appendix, com- 


piled by A. J. C. Wilson, which contains a number of 


new tables. Specially to be noted are the following: 
interplanar angles in the cubic system, a considerable 
extension of Bozorth’s table, of great value in single- 
crystal orientation determinations; 
values of X-ray emission wavelengths, with a note on 
wavelength units by Mrs. Lonsdale; and a revised set 
of atomic scattering factors. 

In view of the large number of independent con- 
tributions to this volume some degree of overlap and 
The operation of the 


repetition is unavoidable. 


tripartite division has also enforced a separation of 


some topics which are conventionally, and probably 
more satisfactorily, treated in a continuous develop- 
ment. An example of repetition may be cited: 
separation of the patterns due to various components 
in a mixture is often aided by noting differences in 
their degree of spottiness or sharpness. Statements to 
this effect appear four times, on pages 326, 461, 506, 
and 528. Certainly the reader will have no excuse for 
forgetting this advice. 

Two criticisms of a specialized nature may be made; 
these apply both to Klug and Alexander and to 
Peiser, Rooksby, and Wilson. The discussion of 


monochromator crystals is inadequate and _ not 


up-to-date. In particular, old recipes are quoted for 


bending rock salt and lithium fluoride crystals while 


immersed in water under various conditions. In 


a comparist mn of 


REVIEWS 105 


practice, the most satisfactory results are obtained by 


bending the crystals after thorough annealing 
immersion is not necessary 

In the discussion of indexing of powder reflections 
made of the 


Phys., 8 


This uses 


of non-cubic crystals no mention is 
by Frevel (J App. 
and applied to soaps by Vand 


technique proposed 
(1937) 553), 
the relative shift of lines due to anisotropic thermal 
distinguish between reflections from 


With the hi 


available through use of the 


expansion to 


different gh resolution nowadays 


zones. 
diffractometer and the 
variation of diffracto 


relative ease of temperature 


meter specimens, this method deserves to be more 
widely employed 
Both 


references to original 


books contain a valuable collection of 


papers; an indication of the 


numbers involved is obtained by comparing th 


numbers of names in the author indices. These are 
roughly 540 for Klug and Alexander and 930 for 
Peiser, Rooksby, and Wilson. A fair impression of 
the relative number of topics considered is obtained 
by comparing numbers of entries in the subject 
indices, roughly 1450 and 2220, for Klug and Alexande1 
and for Peiser, Rooksby, and Wilson, respectively. A 
few trial searches suggest that the subject index in 
the British book is the bette arranged 

Klug and Alexander’s book is very well produced 
The text is clear and there has been no stinting of th« 
The 
clear figures greatly aid the exposition in the 


There 


nature: 


number and size of illustrations many large 
text 
errors of a graphir 


are remarkably few typo 


only the following were noticed In « quation 

3-30 cos 20 should be | cos 24 in the 

Table 5-7, 1/8 should be 1/4; and V. W 
W. Arndt 

standard of printing in 


and the 


3 last line of 


Arndt shi id 


Peiser, Rooksby 


Wilson 


paragraphs is a convenience 


is also high, decimal numberi 


looking up 


hen 


ticular topics Unfortunately, the otherwis 

impression made by the book is marred by 
Many of th 

The 


from errors; among minor slips not 


quality of the illustrations 


texXT 18 cre 


badly designed and drawn 


ing. On page 108 “aromatic” should be 

On page 222 it is stated that the probability of a coun 
lying above or below the mean by three standard 
deviations is one in 300, whereas it is closer to one in 
100. K. E should read E. Beu. The re 


viewer's name is misspelled on page 138: he thereby 


Be n 


gains a double entry in the name index. Similarly 


honoured is A. Jevins, who appears also as I. Jevins 


The page number in the latter reference should be 


265; not 165. Reekie is misspelled Reeki on page 723, 


A 
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ind Andress is misspelled Andrass on pages 533 and 

To sum up, it is no exaggeration to say that the 
appearance of these two books is a landmark in the 
levelopment of the art of X-ray diffraction. No 
laboratory in which powder diffraction work is done 
can afford to be without Peiser, Rooksby, and Wilson 
book of The 


will more rapidly 


as a reference. less¢ r-experience d 


worker learn from Klug and 


Alexander, and all classes of reader will benefit from 


reading some of their chapters, such as that on the 
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precision determination of lattice constants. As a 
practical handbook on powder diffractometry, Klug 
and Alexander’s work stands alone. 

A. R. Lane. 


Erratum 
Acta Metallurgica, Vol. 3, No. 5 
On page 513, line 15, column 1, 
“(a/4/2) [110]” 
instead of ‘‘(a/2) 110” 


read 


— 
A 
4 
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SLIP IN CRYSTALS OF THE CAESIUM CHLORIDE TYPE 


W. A. RACHINGER? and A. H. COTTRELL 


Crystals of ordered beta brass slip along (111 


those of ammonium and th 


100). These observations can be interpreted in terms of partial dislocation 


of the caesium chloride structure. When the ordering forces are large, thes 


in pairs by the tension of the superlattice stacking faults between them, an 


thus created can produce slip along (100). Whe 


dissociated and can produce slip along (111). An estimate of the critical ordet 


view that some intermetallic compounds of this crystal type ought to slip along (100 


n t 


he ordering forces are small, tl 


were made to test this view on various single crystals, the conventional method 


prismatic punching method of Smakula and Klein being used to determin 


results show that CuZn and AgMg slip along (11 
TI(Cl, Br), slip along (100). 


GLISSEMENTS DANS LES CRISTAU 


X 


and that AuCd, AuZn, 


DU TYPE CHLORI 


Les cristaux de laiton p ordonné presentent un glissement le long cde 111 


d’ammonium et de thallium le long de (100 Ces observations sont expliquées 


locations partielles dans le réseau cubique simple du type chlorure de césium. Quand Ik 


sont grandes, ces dislocations partielles se rassemblent par paires sous l’action des 


introduits entre elles dans la surstructure et les dislocations parfaites ainsi créées produisen 


le long de (100). Si les forces d’ordre sont faibles, 


produire un glissement le long de (111). Une estimation de énergie d’ordre « 


que certains composés intermétalliques de ce ty pe 


les 


dislocations partielles restent d 


Jivent glisser le long d 


été entreprises pour vérifier ce point de vue sur différents monocristaux e1 


les éléments du glissement, la méthode conventionnelle et la méthode de 


Klein. Les résultats montrent que CuZn et AgMg glissent le lor 


MgTI, Tl(Br, I), et TI(Cl, Br) glissent le long de 


UBER DAS GLEITEN VON KRISTAI 
Bei geordneten beta-Messing Kristallen findet « 


und Thalliumhalogenide gleiten nach (100). Diese 


LOO 


> 


IN IN CASIUMCHLORID-STRUKTI 


im kubisch primitiven Gitter der Casiumchlorid-Struktu t werde! Wet 


gross sind, so werden diese Teilversetzungen durch di 


Paaren zusammengezogen. Die dadurch entstehe 


ley 


Gleiten nach (100) bewirken. Wenn die ordnenden Krafte 


dissoziiert; sie k6nnen dann eine Gleitung in det 


11)-Richt 


kritischen Ordnungsenergie fiihrt zu der Ansicht, dass die Gl 


Verbindungen dieses Kristalltypus die (100)-Richtung 


Versuche an verschiedenen Einkristallen ausgefii 
iibliche Methode mit Hilfe der Gleitlinienspuren 
Klein herangezogen. Die Ergebnisse zeigen, dass 


LiTl, Tl(Br, I), und TI(Cl, Br) nach (100) gleiten 


INTRODUCTION 


Crystals with structures of the caesium chloride type 
have the rare distinction of setting the theory of dis- 
locations a problem involving a structure-insensiti\ 
property. For, whereas in a crystal of ordered beta 
brass (CuZn) the direction of slip is (111), in those of 
ammonium” and thallium halides® it is (100 
An obvious interpretation is that (111) slip occurs 
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und 
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when the bond is of metallic characte: 
kinds of ions that alternat« 
are practically indifferent 
neighbors: and that (100) slip occu 
is of ionic character, and electrostatic 
like ions from becoming nearest neighbors 
view has been taken of differences in cle: 
in crystals with structures o 

How large must the 
the li tion from th metallic 
type? Thisisa problem for the theory of di 
Since the CsCl structure has a simple cubic 
Burgers vectors available to 
in such crystals are a|111 


perfect dislocations do not disrupt th 


gy | 
(100) Des 
(111), tancis que AuCd, AuZn, Lil 
1QG¢ e Gleitung in einer (111)-Richtung statt \ 
eobachtungen ko: rstezung 
K 
verursachen. Eine Abschat 
Zur Besti r Gh ente wul 
das Untersuchungsvertal 
@uZn und AgMg 1 h (lll) u lass Aut \uZ 
i 1 The 
| = 
These 
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and so can exist in such crystals irrespective of the 
ionic character of the bonds. Suppose for the moment 
that they do not dissociate into imperfect dislocations. 
Then, as Nabarro‘) first pointed out, they can be 
LOO 


expected to produce slip along this is because 


the following dissociations into perfect dislocations, 


of 111] 


a{ 110] 


af 110} + af001}, 
(1) 
al 100] + af010}, 


involve no change of elastic energy, so that a stress 
that acts more strongly on one component, e.g., a[ 100], 
of an a{1l1] or a{110] dislocation can move this 
component independently of the others. 

To produce slip along (111), the dislocations of a[ 111] 
type must first dissociate into imperfect dislocations, 
thus 


- Jaf 111] + 111], (2) 


for this dissociation then renders them incapable of 


dissociating according to the first scheme. This second 
dissociation is encouraged by the reduction in elastic 
energy which accompanies it. In the limiting case 
where the atoms of the crystal are all identical the 
111] 
locations in the body-centered cubic lattice. 


dislocations are simply unit-perfect dis- 

In the CsCl structure, however, these two imperfect 
dislocations are partials, linked by a ribbon of stacking 
fault in the superlattice, and the surface tension of 
this fault prevents them from separating completely. 
A stable equilibrium is reached at which the surface 
tension is balanced by the elastic repulsion of the 
dislocations at a critical distance of separation lo: 
When ry 


longer undergo the reactions (1), and slip must then 


a, the dissociated a[111] dislocation can no 


But when r, ~ a, the structure at 


enough to prevent it from undergoing dissociations 


occur along [111]. 


the center of the dislocation is not altered 


of the first type and so producing (100) slip. 
For a rough quantitative criterion we shall assume 
that the critical surface energy y, of the stacking 


fault is that which exerts a force on the dislocation 
equal to the theoretical shear strength of the lattice. 
According as the fault energy is larger or smaller than 
or (111). Thus 


this. so the direction of slip is (100 


Yo 


where « is the shear modulus, xu is the theoretical 
shear strength («x ~ 1/30). and 6 is the length of the 
3 104 


obtain 


surgers vector. Taking the typical values u 


dyne cm? and 6=2.5 10 cm, we 


Yo Ch 250 erg cm~*. The number of atoms per unit 


area in a (110) layer is ,/2/a*, and each atom forms 


bonds with two nearest neighbors in the next laver. 
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Hence, on the nearest-neighbor bond approximation, 


0.06 eV. 
(4) 


V pp) 
This value, at which the ordering energy per atomic 
bond becomes critical, is not unduly large. Even in 
beta brass the observed ordering energy, although 
exceptionally small, nevertheless amounts to —0.015 
eV per the -kT',./4 


(7, is the Curie temperature) of the simple theory of 


bond according to formula 


long-range order.'® Again, from the formula —z?e?/r 
for the electrostatic energy of two ions with charges 
10-8 
-0.1 electron is required on each 
0.06 eV. 


ze and —ze, respectively, and spacing r (= 2.5 
cm), a charge of only 
ion to give this pair a bond energy of 
An ionic character as small as this in the interatomic 
bond seems quite possible, even in highly ‘‘metallic” 
alloys, according to the calculations of Mott,™ 
Friedel,‘® and Varley.® 

We thus conclude that the occurrence of (111) slip 
is indicative of an exceptionally small electrochemical 
factor, and that (100 
slip in alloys with the CsCl structure. The experiments 


should be a common mode of 


described below have been made to test this conclusion. 
The compounds studied were CuZn, AgMg, TI(Br, I), 
Br), LiTl, MgT], AuZn, and AuCd. 


EXPERIMENTAL METHOD 


With the exception of thallium chloro-bromide and 


thallium bromo-iodide, which were supplied in the 


form of large single crystals, the compounds were 


prepared by alloying spectroscopically pure metals, 


all melting or casting operations being carried out 
in vacuo or in purified argon. Single crystals were 
grown by cooling from the melt in a furnace with a 
gradient of 2°C per cm and a cooling rate of 0.5°C per 
minute. The crystals were checked for composition, 


homogeneity, and crystal structure by chemical 
analysis and by metallographic and X-ray diffraction 
methods. To obtain crystals free from gross mis- 
orientations, it was necessary to adjust the composition 
closely to that at which the liquidus and solidus of 
the compound reach a maximum. Otherwise coring 
the the 


crystals contained a mosaic structure the elements of 


occurred during slow solidification, and 


which were disoriented by several degrees. This is 
presumably due to the ease with which growth faults 
form in the concentration 


coring. All 


Special precautions, described later, 


can gradients which 


accompany specimens were polished 
mechanically. 
had to be taken with some of the reactive compounds 
to preserve the polished surface. 


The slip plane and slip direction of the compounds 


— 
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AND 


both of two methods: 


the examination of slip traces on a cylindrical crystal; 


were determined by one or 


and prismatic punching. To examine slip traces, 
polished cylindrical crystals were strained in tension 
or compression according as their ductility in tension 
was large enough or not to give well-defined slip traces 
before fracture. Each crystal was centered vertically 
in a Unicam X-ray goniometer fitted with a micro- 
scope having a magnification of 75 A goniometer 
eyepiece in the microscope enabled the angle between 
the slip lines and the specimen axis to be measured 
for various rotations of the crystal about its axis. 
For each such reading the plane normal to the slip 
lines (i.e., the locus of all possible poles of the slip plane) 
was plotted on a stereographic projection, using the 
standard method described by Maddin and Chen.“®? 
The position of the pole of the slip plane was determined 
by the point of intersection of these traces. 

The glide direction was found by the standard 
method of noting the position round the axis of the 
specimen at which the slip traces vanished. In this 
position the axis of the microscope was perpendicular 
to the glide direction. Thus, since the glide direction 
is contained within the slip plane, its pole could be 
plotted on the stereogram by making the appropriate 
The orientation of each such crystal 
X-ray 


datterns in the same apparatus without disturbing 


intersection. 


was determined by taking back-reflection 


the specimen. The need for reference marks on the 
crystal was thus eliminated and, by superposition of 
the stereograms for glide elements and crystallographic 
orientation, the indices of the slip plane and slip 
direction could be established. The method of pris- 
matic punching was first used by Smakula and Klein 
in their studies of the plast ic propert ies of the thallium 
halides. They showed that, if a thin crystal plate is 
indented on one surface, a prism of material bounded 
by four sets of slip planes moves bodily through the 
crystal in the glide direction and produces a pyramidal 
Fig. 1 shows a typical 


the 


bump on the reverse side. 
pyramidal bump produced by indentation on 


opposite face. The figure also shows the “wings” 
which are developed in the neighborhood of the 
indentation. 

Nabarro”! has suggested that prismatic punching 
can occur only in cases in which deformation involves 
Thus it 


the movement of a{100] dislocations. was 


expected that the method would be useful only for 


compounds which slip along (100). This proved to be 
the case, and in fact the appearance of well-defined 
wings at an indentation became a reliable first in- 
dication that the glide direction was (100). For these 


experiments, a thin single crystal plate (approx. 0.5-mm 


CRYSTALS OF 


THE CAESIUM CHLORIDE TYPE 


FIG . Prismatic punching 


55): left wings produce 


raised 


(right) pyramidal bump produce 


side of the slab 


thickness) was prepared with both sides met 


graphically polished. The specimen, supported 


thin backing of soft rubber, was 


conical indenter under a load sufficient to produc 


observable pyramidal bump on its reverse suri 


Since the slip direction is the line joining the 
tation and the bump, this direction could be f 
measuring the thickness of the crystal and the 
positions of the indentation and the bump 
so that 


necu 


cases the ¢ r’\ stal plate had be 
Miller 


obvious on inspecti 


was a plane of low indices, and i 


glide direction was 
single square-based pyramid was produce 
face whilst two identical and 


110) face. The 


syvmmetrica 


bumps were produced on a 


were easily determined, since these 


the measured slip direction and thi 


traces on the crystal surface The surface 
tod 


typical pyramidal bumps was also studi 
of multiple beam interferometry 

the shape of the pyramid depended on thi 
the indenter, and the method was not suital 


determination of glide elements 


EXPERIMENTS ON THE COMPOUNDS 


The metals 


induction-heating in a 


a) CuZn 


togethe I by 


were 


component 
small evaci 


silica sheath. The alloy was remelted and cast 


argon in a silica tube, l-mm_ bor 


wire were remelted and grown into 
The se ( rystals were st 


in tension and their glide elements det 


close-fitting silica tubes 


was expected 


110) an 11] 


slip-trace method. As 


and direction were 


Ssingie crystal 


indented with 


| | 
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‘rismatic punching did not occur, i.e., no well-defined 


vramid was produced. Chemical analysis gave 


i8.4 per cent Zn, 51.5 per cent Cu, by weight. 
b) AgMg. 
ry the same general method as for CuZn, although 


The alloy and crystals were prepared 


are had to be taken to adjust the composition to that 
if the maximum in the liquidus. Although the tensile 


elongation at fracture was only 4 per cent, it was 


sufficient to provide clear slip bands. The traces of 


these gave the slip plane and direction as (321) 
and [111], respectively. Prismatic punching did not 
occur. Chemical analysis gave 81.4 per cent Ag, 18.45 
per cent Mg, by weight. 

(c) Tl(Br, I) and TI(Cl, Br). The thallium bromo- 
(K.R.S. 5) (K.R.S. 6) 
crystals were obtained from the Engineer Research 
and Development Laboratory, Fort Belvoir, U.S.A. 


iodide and chloro-bromide 


Thin slabs were cut from these and subjected to 
prismatic punching, which gave the slip plane and 
direction as (110) and [100], respectively. As a check, 
small cylinders were cut and deformed in compression; 
the same glide elements were obtained. 

(d) LiTI. 


ization, a large quantity (60 gm) of the alloy was 


To minimize lithium losses by vapor- 


melted in a small sealed system, consisting of a steel 
crucible and mould contained in an argon-filled silica 
sheath. Cored structures in the crystals had to be 
eliminated by careful control of composition and by 
prolonged annealing, since cracking otherwise occurred 
at the dendrite boundaries. All metallographic prepara- 
had to be 
grinding, and a slurry of alumina, ether, and paraffin 


tions made under liquids—paraffin for 


for polishing—to prevent rapid oxidation of the alloy. 
A polished surface could be preserved under liquid 
paraftin for about 30 min. 

Single crystals were deformed both in tension and 
ompression, but without producing visible slip lines. 
Thin crystal slabs were then prepared by cleaving in 
iquid nitrogen, the cleavage plane being identified as 
110). 


pyramidal bumps on the reverse face, in positions 


Indentation of one face gave rise to two 
which established the slip direction as [100]. Although 
slip lines were not observed, the base lines of these 
pyramidal bumps, which are the traces of slip planes 
on the surface, established these planes as (110). 
No chemical analysis was made. 


(e) MeTI. 
similar to that for 


The experimental method was very 


LiTl. 


deformed 


Slip lines could not be 


observed on specimens, and _ prismatic 


punching had to be used. Three crystal slabs were 
cut, two with random faces and one with faces parallel 
to (110). On indenting these crystals, pyramidal bumps 


formed in positions which established the slip plane 
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and direction as (110) and| 100], respectively. Chemical 
analysis gave 88.75 per cent Tl, 11.27 per cent Mg, 
by weight. 

(f) AuZn. The alloy and crystals were made by the 
same methods as used for CuZn and AgMg. Cylin- 
drical crystals were strained in tension and, from the 
slip lines thus developed, their slip plane and direction 
were identified as (110) and [100], respectively. As a 
check, thin crystal slabs were indented and the same 
glide elements were established by this method. 
Chemical analysis gave 75.36 per cent Au, 24.7 per 
cent Zn, by weight. 

(g) AuCd. The general experimental method used 
was the same as that for AuZn, except that, after 
cooling to 350°C, the crystals were water-quenched to 
20°C to suppress a low-temperature transformation.) 
X-ray and metallographic examinations showed no 
transformed phase in these quenched crystals. Single 
crystal wires were extended, and their slip plane and 
direction were established as (110) and [100], respec- 
tively, by the slip-trace method. Prismatic punching 
proved unsatisfactory for the determination of the 
glide elements, for the bumps produced on a (100) 
surface were too ill-defined to allow these elements to 
be established with certainty. It was observed 
generally that the punch marks produced in the ionic 
salts were better defined than those in the metallic 
compounds. Chemical analysis gave 62.2 per cent Au, 


37.8 per cent Cd, by weight. 


DISCUSSION 
The results summarized in Table 1 show that slip 
is of “ionic”? character in all the compounds studied 


except CuZn and AgMg. The view expressed in the 
LOO 


introduction that should be a common mode of 
slip in this class of compounds is thus confirmed. It is 
not surprising, of course, that CuZn slips along (111 

since its ordering energy is well below the critical 
value given in equation (4); moreover, the alloy 
becomes disordered far below its melting-point. The 
alloy AgMg is probably a borderline case, since silver 
is more electronegative than copper,” and magnesium 
is more electropositive than zinc. It is ordered up to 


Planes and directions of slip in compounds 
of the CsCl type 


TABLE 1. 


Compound Plane Direction 


(110) 
(321) 
(110) 


CuZn 
AgMg 
Tl(Br, I), T1(Cl, Br), LiT]) 
MegTl, AuZn, AuCd | 


ACTA 

— 

11] 
11] 
LOO 
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its melting-point (820°C), which implies, according to 
the formula k7',,/4, that the ordering energy per atomic 
bond is certainly greater than 0.023 eV. The alloys 
AuZn and AuCd are probably also borderline cases in 
which the ordering forces are just large enough to 
produce (100) slip. One indication of this is the fact 
that the prismatic markings were particularly ill- 
defined in the case of AuCd, which is the alloy nearest 
to AgMg in order of increasing electrochemical factor. 
Diffuseness of the punch markings implies a certain 
wandering of the slip direction out of the strict (100 


axis, as would be expected if a minor component of 


the slip were transmitted along (111) directions. 
Presumably the decisive factor in these alloys is the 
much greater electronegativity of gold, relative to 
copper and silver, which ensures a correspondingly 
this 


cadmium.) It 


larger electrochemical factor when metal is 


alloyed with zine or would be 


extremely interesting to have values for the ordering 


energies in AgMg, AuZn, and AuCd, so that a quanti- 
tative comparison with the theoretical predictions 
could be made, thus providing an unexpected link 
between the theory of alloys and the theory of 
dislocations which could be exploited to the benefit of 


both theories. 


CRYSTALS OF 


THE CAESIUM CHLORIDE TYPE 113 


ACKNOWLEDGMENTS 


This investigation was made in the Department of 
Physical Metallurgy, University of Birmingham, and 
the authors are grateful to several of their colleagues 
Professor G. V 


discussions and advice during the course of the 


especially Raynor, for valuable 


WOIl k 


REFERENCES 


H. SEIFERT, LANDOLT-BoRNSTEIN, Phi 
Berlin, Suppl., a 35 (1927 

A. SMAKULA and M. W. Kier, Phys. Rev., 84, 101: 
H. Prister, Z. Naturforschg., 10a, No. 1, 79 (195: 
A. H. Corrrety, Interactions of dislocations and 
Relation of V icrostructure. 
1954). 

N. NaABARRO, Advances in Physics, 

and E. J. Proc 


atoms, Properties to 
Soc. Metals 

W. L. Brace 
540 (1935). 
N. F. Morr, Proc. Camb. Phil. Soc 
Proc. Phys. Soc., 49, 258 (1937). 
J. FrrepeL, Phil. Magq., 48, 
Physics, 3, 446 (1954) 
J. H. O. Variey, Phil. 
R. MApDIN and N. K 
53 (1954). 

F. R. N. NaBarro, Phys. Rev., '79, 894 
E. A. OWEN and W.H. Ress, J.Jnst. Meta 
W. Hume-RotTuery, P. W. 
Raynor, J. Inst. Metals, 66, 19] 


153 (1952); 


Mag., 45, 887 (1954 


CHEN, Progress in Metal Ph 


1950). 

ls, 67, 141 (1941 
REYNOLDS, and G. \ 
19449) 


l. Tal 
2 195] 
1 me 
5 
6 , A151, 
a $2, 281 (1936 
10 31 5, 
1] 
12 
13 
4 


THE INFLUENCE OF HYDROGEN 


H. C. 


ON THE YIELD POINT IN IRON* 


ROGERS*+ 


Armco iron normally exhibits a sharp yield point when tested in tension at room temperature and 


below. After electrolytically charging the iron with hydrogen, however, a yield point no longer is observed 


at room temperature. 


12°C and increases in magnitude with decreasing test temperature. 


When the tensile test temperature is lowered, a yield point returns at about 


Two related mechanisms for the 


suppression of the yield point in iron by hydrogen are discussed. 


L°,INFLUENCE DE 


L’HYDROGENE SUR 


LA LIMITE ELASTIQUE DU FER 


Le fer Armco presente normalement une limite élastique bien définie au cours de l’essai de traction 


a la température ambiante et a des températures inférieures. 
Cependant, une telle limite n'est plus observée a la température ordinaire quand le fer a été chargé 


électroly t iquement dhy drogeéne. 


En abaissant la température d’essai, la limite élastique réapparait vers 


lorsque la température diminue. 


120°C et sa valeur augmente 


Deux mécanismes relatifs a la suppression de la limite élastique du fer par lhydrogéne sont discutés. 


DER EINFLUSS VON WASSERSTOFF 


AUF 


DIE STRECKGRENZE VON EISEN 


Armco-Eisen weist im Zugversuch bei Raumtemperatur und darunter normalerweise eine scharfe 


(obere) Streckgrenze auf. 


eine Streckgrenze bei Raumtemperatur nicht mehr zu beobachten. 
120°C 
Zwei miteinander verwandte Mechanismen fiir die durch Wasserstoff in Eisen 


des Zugversuchs kehrt die Streckgrenze bei 


Versuchstemperatur zu. 


hervorgerufene 


Wurde das Eisen jedoch vorher elektrolytisch mit Wasserstoff beladen, so ist 


Bei Erniedrigung der Temperatur 


wieder; ihre Grésse nimmt mit abnehmender 


Unterdriickung der Streckgrenze werden diskutiert. 


Hydrogen has been found to affect strongly the 


tensile yield behavior in SAE-1020 steel, Armco iron, 


and rimmed steel. The yield point normally observed 


in a room-temperature tensile test can be eliminated 
from Armco iron and from rimmed steel, and can be 
substantially reduced in SAE-1020 steel merely by a 
cathodic charge at room 
Petch™ 


complete elimination of the yield point in fifteen 


short-time temperature. 


Cracknell and have just reported the 


from 
Their 


successful elimination of the yield point in the higher 


annealed steels ranging in carbon content 


relatively pure iron to a 0.62°, carbon steel. 
carbon steels is undoubtedly due to the use of more 


severe charging conditions than were used in the 
present experiments. 

The variation in yield behavior both with test 
temperature and with charging time was studied for 
In addition, the 


influence of charging time upon embrittlement was 


cathodically charged Armco iron. 


determined for fixed charging conditions. 


Cylindrical specimens, 0.200-in. diameter, 


were electrolytically charged in 4°, sulfuric acid, 


using a platinum anode and a current density 


of 0.2 amperes per square inch. Fig. 1 shows that the 


room-temperature yield point in Armco iron is 


* Received September 2, 1955. 
+ General Electric Research Laboratory, Schenectady, N.Y. 
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after 16 min charging, and 


completely eliminated after 30 min. Fig. 
the at for 
tests as a function of the charging time. 


partially eliminated 
2 shows 
reduction of area fracture these same 
It is evident 
that the 30-min charge which eliminates the yield 
point causes only 60°, of the maximum embrittlement 
obtained after a prolonged charge. 

When similar Armco iron specimens were charged 
for four hours and tested at successively lower tem- 
peratures, a yield point began to appear at about 

12°C. 
increased in magnitude with decreasing temperature 
SAE-1020 


prior to charging, 


As in the uncharged iron, the yield point 


work with 


oO 
10°, 


(Fig. 3). However, other 
steel?) , 
has shown that the hydrogen yield point does not 
to -100°C. In 


earlier tests, prestraining was presumed to eliminate 


prestrained about 


begin appear until about these 
the possibility of a yield point due to carbon or 
nitrogen. 

Preliminary aging experiments between room 
temperature and 200°C indicate that the yield point 
returns, at least in part, after its elimination by 
electrolytic charging. 

Dislocation theory explains the yield point in steel 
as follows: Atoms of carbon and/or nitrogen diffuse 
to dislocations during annealing of the steel, and 


during cooling while the steel is still warm. At room 
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1600- 


IN| POUNDS 


LOAD 


ELECTROLYTIC 
CHARGING TIME 
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B MIN. 
C 30 MIN 
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ELONGATION IN INCHES 


. The influence of increasing amounts of hydrogen on th« 


introduced by electrolvti charging 


_-PRONOUNCED YIELD POINT 


—SLIGHT YIELD POINT 


NO YIELD POINT 


% REDUCTION OF AREA 


CHARGING TIME IN MIN 


2. The influence of electrolytic hvdroge1 m the « 
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= 


-43C 


J 


.30 .40 
ELONGATION 


50 O 


INCHES 


influence of testing temperature on the ability of hydrogen to suppress the 
vield point in Armco iron. 


temperature they are firmly bound by an 


interaction. When a stress is applied at room tem- 
perature or below, the dislocations are held up by the 
attached solute atoms which do not diffuse rapidly 
High stresses are required to 


at low temperature. 


cause the pinned dislocations to break away, and 


since they then can move more freely, the stress 
drops, giving rise to a yield point. 

In terms of dislocation theory there appear to be at 
least two possible explanations for the fact that 
hydrogen eliminates the carbon or 


First, it 


nitrogen vield 


point at room temperature. may be that 


hydrogen is bound to dislocations more tightly than 
is carbon or nitrogen. After charging with hydrogen, 


each dislocation then would be surrounded bv a 


cloud of tightly bound hydrogen atoms that would 


displace most of the previously bound carbon or 


nitrogen atoms. Assuming that hydrogen atoms can 


diffuse rapidly at room temperature, dislocations and 


their surrounding hydrogen clouds could move 


readily together under an applied stress, and there 
Only 


would be no yield point at this temperature. 


elastic 


at much lower temperatures, when hydrogen itself 
becomes sufficiently immobile that it alone could 
pin the dislocations, would a yield point appear. 
According to this model, aging would allow the 
hydrogen to diffuse out of the specimen, where its 


The 
diffuse to 


free energy is still lower than on a dislocation. 


carbon and nitrogen atoms then would 
the dislocations and pin them, causing the vield 
point to return as in normal strain aging. 

A second explanation could be that hydrogen is 
bound less tightly to dislocations than is carbon or 
nitrogen. Hydrogen would not now displace any 
significant number of carbon or nitrogen atoms, but 
would attach itself to loops of dislocations that are 
freed from carbon or nitrogen by thermal fluctuations, 
lowering the energy 


and thereby the stress—neces- 


sary for formation of a critical-size loop. At room 


temperature, hydrogen could depress the vield stress 


sufficiently to reduce or eliminate a sharp yield point. 


then would raise the 
vield stress and cause the discontinuity in the flow- 


The vield 


Lowering the temperature 


curve to increase or become apparent. 
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stress would increase with decreasing temperature 
as in uncharged iron, always being smaller than that 
of the uncharged iron at any given temperature. 
As with the previous model, aging would occur with 
the diffusion of hydrogen out of the specimen where 
the 
However, since carbon and nitrogen are not displaced, 


its free energy is lower than on dislocation. 
the yield point would return merely upon the dis- 
appearance of the hydrogen. 

Two observations suggest that the second of the 
proposed mechanisms—that in which hydrogen is less 
strongly bound to dislocations than is carbon or 
The first 
is that hydrogen-charged material develops a yield 
12°C. 
been displaced by hydrogen, there should be no yield 


nitrogen—is the more likely. observation 


point near If all carbon and nitrogen had 
point until much lower temperatures, near 
where the hydrogen yield point is known to appear. 
12°C 
demonstrates that dislocations are more strongly 
The 


nitrogen, as 


The fact that a yield point is present near 


held than can be accomplished by hydrogen. 
that 


revealed by internal friction measurements, does not 


second observation is unbound 
increase in concentration when hydrogen is added to 
strained and aged steel. If hydrogen displaced nitro- 
gen from dislocations and returned it to free solution, 
the the 


associated internal friction should rise. 


concentration of unbound nitrogen and 

The internal friction experiments were performed 
with a wire specimen and a torsional pendulum. 
Electrolytic iron, heat-treated in wet hydrogen to 
remove carbon and nitrogen, was nitrided for half an 
hour at 500°C in hydrogen saturated at —78°C with 
ammonia, then water-quenched to retain maximum 
nitrogen in solution. A damping peak was observed 
The wire then was strained to provide a large number 


of dislocations, and aged to allow the nitrogen to move 
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This 


pletely eliminated the damping peak 


almost 
lytic charging with hydrogen until the yield point 
there 


to the dislocations. treatment com- 


electro- 


eliminated, 
As a 


demonstrate that an observable amount of nitrogen 


was almost completely was no 


increase in the damping peak. final check to 


remained bound to dislocations, a tensile test was 


performed and the strained wire immediately tested 


A smaller damping peak 
that 


in the torsional pendulum. 
had 


returned nitrogen to free solution, as expected. It is 


reappeared, showing dislocation motion 
to be noted that the damping measurements detected 
no damping peak over a temperature range of 25°C to 
100°C, so that it is unlikely that hydrogen interacts 
with carbon or nitrogen to shift the temperature of 
the internal friction-peak. 

Tests with carbon as the interstitial atom also were 
negative, but less conclusively so, because no damping 
peak appeared upon straining after hydrogen charging 
The reason for dislocation motion not returning an 
solution m 


hetore 


observable amount of carbon to free 
be that too little strain could be 
the Another 


with both carbon and nitrogen was the amplitude 


introduced 


wire fractured problem encountered 


dependence of the damping, particularly when the 


specimen was not in the strain-aged condition 
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AN ISOTHERMAL ANNEAL STUDY OF QUENCHED AND 
COLD-WORKED COPPER-PALLADIUM ALLOYS#* 
JAUMOT, Jr., and A. SAAWATZKYt 
The annealing behavior of quenched and cold-worked copper-palladium alloys in the composition range 
from 6 to 30 atomic per cent palladium has been studied at temperatures from room temperature to 
450°C. The 
growth of ordered domains is a singly activated process with activation energies in the range from 


It is concluded that ordering probably takes place by a nucleation and growth process. 


34 to 46 kcal/mol, depending on the composition and the condition of the sample. Nucleation is probably 
not a singly activated process, but the “average” activation energy in the temperature range considered 


is of the order of 20 keal/mol. 


A survey of the order-disorder phenomena in light of the present data suggests that the phase 


diagram is in need of serious revision. The probable form of the revised diagram is discussed. 


ETUDE 


Le 


comportement 


DES TRAITEMENTS THERMIQUES IS 
CUIVRE-PALLADIUM TREMPES ET 


d’alliages de Cuivre-Palladium trempés et écrouis de 


ISOTHERMES DES DE 


ECROUIS 


ALLIAGES 


compositions atomiques 


variant entre 6 et 30% de palladium, a été étudié entre température ambiante et 450°C. 


On conclut qu’un phénomeéne d’ordre se développe par un mécanisme ¢ 


La des domaines ordonnés est un 


croissance 


variant de 34 a 46 kcal/mol, suivant la composition et l’état de l’échantillon. 


processus 


le 


avec 


nucléation et 


croissance. 


mono-activé une énargie d’activation 


La nucléation 


probablement pas mono-activée, mais l’énergie d’activation moyenne dans le domaine de température 


considéré est de l’ordre de 20 keal/mol. 


L’examen des phénoménes d’ordre 


d'une révision sérieuse pour le diagramme d’état. 


UNTERSUCHUNG DES 
UND KALTBEARBEITETEN 


EINE 


ISOTHERMEN ANLASSVERHALTENS VON 
KUPFER-PALLADIUM 


désordre a la luminiére des résultats présents suggére la nécessité 


L 


a forme probable de ce diagramme est discutée. 


ABGESCHRECKTEN 
LEGIERUNGEN 


An abgeschreckten und kaltbearbeiteten Kupfer-Palladium-Legierungen wurde im Konzentrations- 


bereich von 6 bis 30 Atom-Prozent Palladium das Anlassverhalten bei Temperaturen zwischen Raum- 


temperatur und 450°C studiert. 
lich 


sereichen 


durch eine 


keinen einfach aktivierten Prozess dar, ihre 


Es wird der Schluss gezogen, dass die Ordnungseinstellun 


Keimbildung und einen Wachstumsprozess erfolgt. 


nach der Zusammensetzung und dem Zustand der Probe. 
““mittlere”’ 


wahrschein 


Das Wachstum von geordneten 


ist ein einfach aktivierter Prozess mit einer Aktivierungsenergie zwischen 34 und 46 keal/Mol, 


Die Keimbildung stellt wahrscheinlich 


Aktivierungsenergie in dem _ betrachteten 


Temperaturbereich ist jedoch von der Gréssenordnung 20 keal/Mol. 


Ein Uberblick tiber die Ordnungs-Unordnungs-Erscheinungen an Hand der vorliegenden Ergebnisse 


we 


‘ist auf die Notwendigkeit einer griindlichen Revision des Zustandsdiagramms hin. 


Gestalt des revidierten Diagramms wird diskutiert. 


Die wahrscheinliche 


1. INTRODUCTION 


A recent study") of order-disorder and cold-work 


phenomena in copper-palladium alloys in the com- 


position range from 0 to 30 atom per cent palladium 


the isothermal anneal behavior 


these alloys would be of some interest. 


indicated that 


Specifically, 
three features of the behavior of these alloys indicated 
that the change in resistivity with time at constant 


temperature could yield interesting information: 


(a) the disorder-order transition is sluggish, (b) cold- 


work produces a marked decrease in the electrical 


resistivity of these alloys; (c) alloys containing less 


* Received April 18, 
1955. 

Franklin Institute 
Development, Philadelphia. 

; All percentages refer to atomic per cent. 
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than about 19°,% palladium appear to order as 


face-centered cubic, while alloys containing from 


19 to 26°, palladium order in a tetragonal structure. 


2. EXPERIMENTAL TECHNIQUES 


All resistivity measurements were made at O°C by 
standard potentiometric techniques which employed 
a Rubicon Type-B potentiometer and a Type-T-3210 
Rubicon galvanometer. The potential leads were 
provided by alloy wires of the same composition 
as the sample, spot-welded to the sample about 
10 cm apart and 2 cm from the ends of the sample. 
The current leads were simply clipped to the ends 
of the sample. 

The pulse-annealing was accomplished by placing 
the sample in one end of a long Vycor tube which 


ve 
4 


JAUMOT SAWATZKY: AN 


16.7 ATOM PERCENT PALLADIUM 
QUENCHED FROM 800°C 


LOG t 


of The 


end of the tube was placed in the furnace and allowed 


contained an over-pressure helium. other 
to come to the desired equilibrium temperature. 
The sample was then projected into the furnace so 
that it was brought into contact with a helium bath 
at time f¢ 0. After the 


time had elapsed, the tube was unplugged and the 


temperature, at desired 
sample quenched directly into non-conducting oil 
at CU. the 
sample in the bath. 


The resistivity measured with 
Tests 


thermocouple wires indicated that the error in the 


was 
using chromel-alumel 
time of anneal, when this method is used, is only a 


few seconds. This error is significant only for the 
one-minute anneal and then was probably no more 
than 5%. 

3. RESULTS AND DISCUSSION OF RESULTS 
The behavior of these alloys in the course of 
6.4, 16.7, 


cold-worked 


studied for 20.9, 
Both 


quenched alloys were studied at temperatures from 
250°C to 450°C. at 


isothermal anneals was 


and 29%, palladium alloys. and 


room 
That 


is, after four months at 100°C, quenched and cold- 


Runs were also made 


temperature and 100°C, with negative results. 


worked alloys showed only a very small change in 


resistivity, about 0.1°, increase; after one year at 


Isothermal anneal curves for 16.7 atom per ce 
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nt palladium sam 


ples quene 


room temperature none of the samples exhibited an 


change in resistance. Typical results at the high 


in Figs | 2 
R/R, is plotted as a function of the logarithm 
here, R 
sample, so that R, is smaller 
than for 
descriptions are given in Table | 


Figs. | 
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initial rise in resistivity of quenched samples of these 


assumes that 
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imperfections), one might expect to find 
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results 
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. 2. Isothermal anneal curves for 16.7 atom per cent palladium samples cold worked to 90%, reduction in area. 


have a lower resistance the higher the temperature 


of quench. Then, it would be possible to attribute 
the initial increase in resistivity to an attempt on 
the part of the sample to reach equilibrium for a 
state at the 


However, the 


disordered annealing temperature 


involved. available experimental 
evidence does not support this view, since samples 
quenched from 600°C and 500°C have slightly lower 
resistivities than from S00°C. 
The 


this initial rise is a nucleation of the ordered phase. 


Although 


samples quenched 


second, and most reasonable, explanation of 


one cannot obtain direct micrographic 


TABLE 1. 


Electrical resistivity (micro-ohm em) 
Composition 
atom % Pd 

Cold-worked to 


Quenched 90% RA 


from 806°C 


4.15 
14.0 
17.0 


20.9 


or X-ray diffraction evidence in the case of these 
rather special alloys (this is discussed in Section 4), 
general 


there are plausible arguments based on 


theoretical expectations and the experimental evidence 


which support the latter explanation. 


In any nuclea- 
tion process, the nuclei are initially smaller in linear 
dimensions than the mean free path of the conduction 
Thus, the 


behave as additional scattering centers in the lattice 


electrons. one would expect nuclei to 


and increase the resistivity. As the number of nuclei 
increase, the resistivity will increase until the nuclei 


have grown to a size such that the mean linear 


De scription of samples used for isothermal anneals. 


Ordered material Temp. (°C) References 


Does not order 
Face-centered cubic 450 
Complex tetragonal 
Mixture of tetragonal and 
body-centered cubic ordered 


360 


phases 
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dimensions are greater than the appropriate mean 
free path. Then, since the resistivity of the ordered 
material is lower than that of the disordered material. 
further growth of the domains will cause the resis- 
tivity to decrease. 

The experimental evidence (which is described in 
detail below) which supports the contention that the 
initial rise in resistivity is due to a nucleation of 
ordered domains, is threefold. First, the values of 
R/R. at the the for 


quenched alloys are larger for lower temperatures. 


maxima in annealing curves 
Second, the curves are very similar to those obtained 
from alloys which exhibit nucleation and growth of a 
second phase. Third, maxima do not appear in the 
annealing curves of quenched samples which do not 
exhibit ordering; for example, the 6.4°, Pd samples 
or the 29% 400°C 


and 450°C. 
the fact that superstructure lines were not observed 


quenched samples annealed at 


It may be possible to argue, in view of 


in this region, that the above reasoning would also 
apply if the rise in resistivity were due to an increase 
in short-range order. However, the authors feel 
that this becomes a matter of definition. 


For annealing of the quenched samples at tem- 


peratures between 450°C and 325°C, the maxima in 


the R/R, versus log t curves (Fig. 1) are progressively 


Isothermal anneal curves for cold-worked 29 and 6.4 atom per ce: 


nt palladium samples 


This is 
being faster and growth 


On the othe 


higher for lower temperatures attributed 
slower 
hand the 
cold-worked samples show more or less the opposite 
This 


which 


to nucleation heing 


at the lower temperatures 


behavior is due, we believe, to the fact that 


recovery, causes the resistance to increase 


more than does nucleation, is the most of 
Then, 


and single-phase 


rapid 


the processes occurring recovery to 


equilibrium, disordered 


occurs for the high temperatures before 


ordered domains begins competing 


recovery is well illustrated by the values of / 


one minute of annealing (log ¢ Q) tor the 


worked alloys For temperatures below about 360°¢ 


the recovery apparently aids the ined proce 


com 


of nucleation and growth in such a way that 


able growth occurs at lower values of 


worked alloys 
The 20.9°, samples behaved in an entirely similar 


fashion, except for the 250°C anneal. At the latter 


temperature, neither quenched cold-worked 


samples exhibited an appreciable decrease In resist 
ance until times exceeding 20.000 minutes. Thus it 


would seem that for the 20.9°, sample, which is neat 


the composition of maximum ordering temperature 1,2 


250°C is bordering on the lower limit of temperature 


121 
x 
60. 
R; 
0.95 — 
oe 
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For 


this reason, the 250°C anneal results were not used 


at which ordering proceeds at a significant rate. 


in any additional calculations. 

The cold-worked curves for 29°, palladium samples 
since they not only show 
360°C. but 


difference in the general behavior of the peaks. The 


are included (Fig. 3), 


ordering at temperatures below also a 
increase in resistivity due to recovery and nucleation 
(which probably cannot be separated) proceeds to 
nearly the same value at all temperatures before 
growth of ordered domains occurs to any appreciable 
extent. For the 400°C and 450°C anneals, this may 


be due to the fact that we do not have the competing 


process of growth of ordered domains. (The change 


in resistance of the quenched samples, for which 
the data are not shown, at these temperatures is 
10.000 minutes.) At the 


lower temperatures, the explanation may be in the 


less than a 1°, decrease in 
sluggish character of the ordering. 

In Fig. 3 we have also included the results for the 
6.4° Although the 


scale is double that of the other samples, very little 


palladium cold-worked sample. 


change in the resistivity beyond the recovery is 
some starting-point for the decrease in resistance. 
The was at the 


maxima Since the 


convenient 
R/R 


equilibrium resistance 


only starting-point 
versus log ¢ curves. 
R at 


observed on prolonged annealing. 


in the 

©) is a function 
There does seem 
to be an increase in resistivity at 250°C which is 
slightly more than would be expected on the basis 
of pure recovery. It is possible, but by no means 
definite, that this could be a reflection of a tendency 
to form ordered nuclei, even for this low palladium 
content. 

The principal quantity one hopes to derive from 
isothermal anneal curves is, of course, an activation 
In the present case, it is fairly obvious that 
We 


investigated the possibility that the annealing curves 


energy. 
the entire process is not a singly activated one. 
each 


two singly 


treated 


represent competing 
We found that they could be 


ipproximately in this manner, although the data 


pre CESSES, 


ictivated. 


indicate that only the growth of domains is definitely 
a singly activated process. 

To obtain an activation energy for the growth 
portion of the curve, it was necessary to assume 
of the temperature of anneal, it was necessary to 
in order to obtain cuts at equivalent 


different 


normalize to R_ 
the 


Thus the function 


points in process for temperatures. 
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Here R is 
Ry is 


max? and 


was plotted as a function of log (¢ ons ' 


the value of the resistance at time (¢ — f,,,.): 
the value of the resistance at time f¢ t 
is the time for which the peak in the R/R, curves 
reached. 


was Typical curves of this function are 


shown in Fig. 4. From these curves, values of log 
(t t 


plotted against the reciprocal of the absolute tem- 


max) Obtained for various values of R’ were 


peratures. The activation energy is then obtained 
from the slopes of these curves. Typical curves are 
shown in Fig. 5; they illustrate why we have some 
confidence in the observation that the growth process 
The points from the 450°C 


anneals were not considered reliable until after large 


is singly activated. 


times had elapsed; small errors in the time of anneal 
Also, 
the maxima in the R/R, curves are not determined 
by the data at 450°C. 

Activation energies obtained by 
Table 2 for 


Values of Q for growth of ordered domains 


greatly affect the results at this temperature. 


this method are 
given in quenched and cold-worked 
samples. 
are given only for the 16.7 and 20.9°, samples, 
although the 29°, samples show ordering at low 
temperatures (Fig. 3). The activation energies for 
the latter samples are not included, since ordering 
different lattice 
other things, causes greater scatter than is 
the 


however, 


occurs in two structures which, 

among 

other cases. It would from 

that any activation energy for 
the 360°C 325°C 

would be lower for the 29°, samples. 

Table 2 the maximum 


the range R’ 0.9 to 0.3) in 


found in appear 
Fig. 3. 
ordering based on and curves 
scatter 


the 


Included in are 


observed (for 


TABLE. 2. Activation energies obtained from 


isothermal anneal data. 


For growth of ordered domains 


Q (keal/mol) 
Composition 
Pd) 


(atom 


Quenched samples 


For nucleation and/or recovery. 


( (keal/mol) 
Composition 


(atom % Pd) 


Quenched samples 


90% RA 
20.9 45.2 } 37.0 1.3 
“a 
16.7 21.5 4 21.1 5 
> ) 90.9 21.0 6 20.6 7 
pe R 29 () 21.446 
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Fic. 4. Rationalized curves representing the effect « 
We 
absolute accuracy is as good as the scatter would 


to 


activation energies. do not believe that the 


There too factors involved 


the 


indicate. are many 


determine probable accuracy, although an 
estimate leads us to believe that these values should 
15° 


be correct to within 10 

Although the spread between the values for 16.7 
and 20.9%, palladium samples is not great enough 
to be outside of experimental error, the indications 
are that the higher palladium samples require slightly 
This would be reasonable 
the 
the activation 
The 


copper is 17.1 


higher activation energies. 
on the assumption that diffusion is governing 
mechanism, and the values found for 
energies seem to indicate that this is the case. 
the of 


The diffusion of palladium in copper 


best value for self-diffusion 


keal/mol.) 
should require lower activation energies depending 


(4) found 


on the composition. Thomas and Birchenall 
of the this 


between 31 and 40 keal/mol, with increasing energies 


values activation energy for system 


for increasing palladium content, but they pointed 


out that their values are probably low. The activation 


energies found in the present work are definitely in 
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M PERCENT 


FROM 


PALLADIUM 


800°C 


QUENCHEC 


the correct range, and this coupled wit! the evi 


for a singly activated process provides strong ¢ 


for a diffusion-controlled mechanism 
the g 


Assuming that ordered 


rowth of the 


is controlled by diffusion, it remains to conside1 


the cold-worked samples exhibit lowe 
energies than the quenched samples, even 
general, appreciable crowth does not 

after times This 


comparatively 
results from the formation of more nucl 
nucleation 
ol 
presumed to increase 
diffuse 


an imperfection which can help provide a 


process as a consequence 


Chis 


the probability that 


stored energy during recovery then 


atom 


in 


desiring to to an nucleus will find 


itself near 
short circuit path for the diffusion 

The activation energies for the nucleation and/o1 
(Table 2) are 


scattel Is 


recove \ processes 
The 


though the range of values of R/R 


not nearly so uniquely 


oreatel 


determined much even 


was much smalle1 
Undoubtedly, the energies given represent averages 
of more than one temperature-de pendent 


These 


process 


‘average’ activation energies were obtained 
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simply by taking “cuts” at fixed values of R/R,, 


plotting the values of log ¢ obtained against 1/7’, and 


computing @ from the slopes. This method involves 


the implicit assumption that if no growth of domains 
occurred, all values of R/R, would be the same at 


t ©. This assumption is open to argument and 


450°C 

5.0 
} 

Y 


25 ATOM 
QUENCHED 


PERCENT PALLADIUM 
FROM 800°C 


5. Curves of the values of log (t 


of the absolute temperature 


could be partly responsible for the large scatter in the 
values of the activation energies. 

There is no activation energy listed for the 29% 
of 
produced any increase in 
the 


quenched sample, since only two temperatures 
anneal, 360°C and 325°C, 
Based on only two 


resistance. temperatures, 


activation energy was 2: 10 keal (with no definite 
trend to the scatter), which we consider meaningless. 
Except for this value, however, and in spite of the 
large scatter, the activation energies all seem to be 
approximately 21 kcal/mol. This is only about one- 
half of the values found for growth, and is probably 


too low to be diffusion. If only recovery were involved, 
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this would be a relatively easy value to explain; 
that is, it could be considered the energy for motion 
ot it 
that nucleation, at least initially, occurs by a very 
that the 
are nucleated at those positions in the solid at which 


imperfections. However, seems reasonable 


similar mechanism: is, ordered domains 


ix) as a function of the re ‘iprocal 


various values of 


the atoms find motion easiest. Since quenched samples 
also contain a small excess of imperfections, it is not 
to that 
principally by movement of the atoms over small 


unreasonable conclude nucleation occurs 
distances in regions where the lattice imperfections 
can aid such movement. 

In summary, we believe that the evidence, althoug] 
certainly not absolutely conclusive, strongly supports 


The of 


ordered domains is a singly activated process. Nuclea- 


a nucleation and growth process. srowth 


tion is almost certainly not a singly activated 


process, so that the values given represent average 


values, at best. 
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4. THE ORDER-DISORDER TRANSITION AND were made of samples quenched from a number of 
THE EQUILIBRIUM DIAGRAM different temperatures.” The results are summarized 
The order-disorder phenomena in these alloys in Fig. 6(b). These X-ray data combined with the 
were discussed in connection with the previous indication (from the isothermal anneal data) that 
work.”) There is, however, an interesting point ordering occurs by a nucleation and growth process 


raised by the isothermal anneal data concerning the lead us to believe that the phase diagram needs 
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nature of the ordering process. The data indicate serious revision and 

that ordering takes place by a nucleation and growth _ by Fig. 6(b 

process (as has been suggested previously for other The solid lines in Fig. 6(b 

alloys reference 5), in which the nucleation is not and Sykes,‘® and the dotted lines represent the 

particularly rapid. This, in turn, raises the question of the revision necessary, in the authors’ opi 

as to what the situation is in the region where Jones The two open circles represent the 

and Sykes'® draw a fixed boundary between the copper-content samples used by Jones 

face-centered cubic and tetragonal ordered phases, study the region near 50 coppel! 

and, in particular, as to what the situation is where circle with an arrow, the lowest cop] 

this boundary (or boundaries) joins the disordered sample used for the Cu,Pd region. The filled 

phase. The region of interest of the phase diagram, at Cu,Pd is taken from the work of Geisk 

as given by Jones and Sykes, is reproduced in Newkirk, who found no two-phase region 

Fig. 6(a). 1°C) at this composition. Tentatively then 
Although no work has been done which specific- can be considered as being very nearly thi 

ally aimed at determining the phase diagram, a_ metrically correct composition for the ordered 


considerable number of X-ray diffraction patterns structure 
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It is the authors’ opinion that no boundary exists 
between the 
region, but rather that the entire ordered region tends 


face-centered cubic and_ tetragonal 


to be tetragonal with a c/a ratio too close to unity for 
tetragonality to be observed until the palladium 


content is about 19°,. This view is upheld by the 
data of the present and the previous work,” which 


that 


smooth 


nearly all properties measured are 
the 
Also, since the presence of a nucleation and growth 


indicate 
relatively functions of composition. 
process indicates a classical phase transformation, 
this boundary is unlikely, simply because there is no 
way thermodynamically to draw a reasonable phase 
diagram which includes it. 

The details of the diagram given in Fig. 6(b) are 
purely speculative, based on the evidence mentioned, 
and no accuracy is claimed for the details of the 
temperatures or the widths of the two-phase regions. 
It probably can be assumed that the widths of the 


two-phase regions in the composition range around 


20°, palladium are quite small, since two phases 


were not detected by previous workers.°: However, 
since there is no change in atomic volume (or for all 
practical purposes, in lattice parameters) for com- 
20°, Pd, it would be virtually 


pe sitions below 


VOL. 4, 1956 
impossible to pick up a two-phase region by X-ray 


techniques. This is also true to some extent for 


compositions above 20°, Pd, particularly since the 
defining the diffraction the 
tetragonal ordered structure proposed by Geisler and 


lines in pattern for 
Newkirk are weak under the most ideal conditions. 
Resistivity measurements of the type described by 
Rhines and Newkirk’ would probably decide the 
issue. 
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ORDER-DISORDER AND COLD-WORK PHENOMENA IN Cu-Pd ALLOYS* 
F. E. JAUMOT, Jr., and A. SAWATZKY?+ 


The copper-palladium system, in the composition range from 6 to 30 at. per cent palladium, has been 
studied. The order-disorder phenomena have been investigated and some disagreement with the work 
of Jones and Sykes observed. The effects of cold-work distortion on disordered and partially ordered 
samples were determined. When disordered Cu-Pd alloys are cold-worked at room temperature, the 
electrical resistivity decreases, the magnetic susceptibility increases, the temperature coefficient of resisti 
vity decreases, and the thermoelectric power becomes increasingly negative. Similar effects are observed 
for partially ordered samples only after initial effects which are attributed to the destruction of order 
are completed. This produces an unusual marked maximum in the resistivity as a function of the degree 
of cold-work. It is suggested that the primary effects of cold-work are consistent with an electroni¢ 
structure change due to a shift in the relative centers of gravity of the s-p and d bands 


PHENOMENES D’ORDRE-DESORDRE ET D’ECROUISSAGE SUR DES ALLIAGES (| 

Le systéme cuivre-palladium a été étudié par des compositions atomiques variant entre 6 et 
en palladium. 

Les phénoménes d’ordre-désordre ont été examinés et un certain désaccord avec le travail de Jones 
et Sykes a été observé. Let effets de distorsion par écrouissage sur des échantillons désordonnés et 
partiellement ordonnés ont été déterminés. 

Quand des alliages désordonnés de Cu-Pd sont écrouis & température ambiante, la résistivité électrique 
diminue, la susceptibilité magnétique augmente, le coefficient de température de résistivité diminu 
et la force thermoélectrique devient de plus en plus négative. 

Ce n’est que lorsque certains effets initiaux attribués a la destruction de l’ordre ont pu se dérouler 
que des phénoménes similaires sont observés sur des échantillons partiellement ordonnés 

Ceci donne lieu & un maximum inhabituel dans la valeur de résistivité en fonction du degré d’écrouissage. 

Il est suggéré que les effets primaires d’écrouissage sont en relation avec un changement de la structure: 


électronique, due 4 un déplacement des centres de gravité relatifs des couches s, p, et 


ORDNUNGS-UNORDNUNGS- UND KALTBEARBEITUNGSPHANOMENE IN 
Cu-Pd-LEGIERUNGEN 
Das System Kupfer-Palladium wurde im Konzentrationsbereich von 6—30 At.-Prozent 

studiert. Es wurden die Ordnungs-Unordnungserscheinungen untersucht und dabei 
Abweichung von der Arbeit von Jones und Sykes beobachtet. Die Auswirkungen einer 
auf ungeordnete und teilweise geordnete Proben wurden bestimmt Wenn 
Legierungen bei Raumtemperatur kaltverformt werden, nimmt der elektrisc] 
magnetische Suszeptibilitat zu, der Temperaturkoeffizient des Widerstands ab 
wird starker negativ. Ahnliche Erscheinungen werden an teilweise g 
nachdem anfiaingliche Effekte, die der Zerst6rung der Ordnung 
sind. Dadurch kommt ein ungewoéhnlich ausgepragtes 
Kaltverformungsgrads zustande. Es ist anzunehmen, dass d primare! 
konsistent sind mit einer Anderung der Elektronenstruktur, die vo1 
Schwerpunktslagen des s-p und d-Bandes herriihrt. 


1. INTRODUCTION that. in the range from 9 to 


To study the effects on various properties of the alloys exhibit two types of ordered structur 


distribution of the atoms in solid solution, one and Sykes found that there is little or no ¢ 
naturally chooses an alloy system which exhibits atomic volume on ordering in Cu-Pd 
order-disorder phenomena; at present, this is the (y-Au alloys decrease considerably 


I) recent evl 


only way in which the distribution of the atoms can ordering. Finally. in view of thi 


be known or controlled. The copper-palladium supporting the view that th 


oraering 
system was chosen for the present work partly jn Cu-Au alloys is a classical phasi 
because of its unusual ordering properties. Instead was attached to the nature 
of being isomorphous with Cu-Au alloys, which The rather different nat 
exhibit an ordered face-centered cubic structure in these allovs indicated that 
the composition range from 17 to 34 at. per cent might be of a special kind 


gold, the Cu-Pd alloys order when less than 10°,7 apparent change of the stru 


palladium is present. Jones and Sykes” report material with compositior 


* Received April 18, 1955; inrevised form, September 16,1955. atomic distances might b¢ 
+ The Franklin Institute Laboratories for Research and was interest in the effects of 
Development. 


z All percentages refer to atomic per eent. and this work was included as 
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program. However, very early in the course of the 
measurements on the effects of cold-work, it became 
evident that distortion produced some very unusual 
effects in the electronic properties ot these alloys, 
and the major emphasis of the program was shifted 
to the study of the cold-work phenomena. 


2. EXPERIMENTAL TECHNIQUES 


The following were measured, as a 


parameters 


function of the degree of order and the degree of 


cold-work in the alloys: The electrical resistivity, 
the thermoelectric power, the temperature coefficient 
of resistivity, the magnetic susceptibility, the 
mechanical hardness, and the X-ray lattice para- 
Inasmuch as these measurements involved 
different 


standard, the techniques will be described briefly, 


meters. 


several techniques, most of which were 


and only the departures from the standard tech- 


niques will be discussed in any detail. 


Preparation of the Alloys 


Originally, commercial alloys were purchased, 


but these contained too much and were 


soon discarded in favor of alloys prepared in these 


oxygen 
metals (Cuprovac R, 
Metals Co: 
Bishop Co.) were melted in 


laboratories. High-purity 
99.99-4 Cu, 
99.99-+-°. Pd 

vacuum. The 
forging and swaging, and all compositions were given 


from Vacuum and 
from J. 
melts were fabricated into wires by 


an initial anneal in vacuum at 800°C for two hours. 


( old-work 

The cold-work was accomplished by drawing the 
initial The 
amount of cold-work is measured by the per cent 


A 


wires through steel or carbide dies. 


{ 
reduction in area, per cent R.A. LOO 


where A, is the initial area and A the final area. 


Heat Treatments 
Whenever the 


to describe the sample condition (or “quenched from 


term “quenched” is used alone 
800°C”’), we mean that the sample was annealed for 
two hours at 800°C, in a vacuum of 10-° mm of Hg, 
room- 


and quenched into water or oil at ice- or 


temperature. The actual quenching was accomplished 
the 
first 


noticeable differences in 
the 


in two ways, and no 
properties of samples were observed. In 
method, the sample was sealed in an evacuated 
Vycor tube, annealed, and the tube broken in a 
quenching bath. In the second method, the sample 
was placed directly into an evacuated furnace tube, 
onto one end of which a large glass bulb was attached. 
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The other end of the furnace tube was connected to 
the vacuum system and to a reservoir of water at 
At the 


time, the valve connecting the vacuum system to 


the desired quench temperature. desired 
the furnace tube was closed, and the valve to the 
reservoir opened. The the 
the water into the furnace tube, sweeping the sample 


vacuum in tube drew 
and a large volume of water into the glass bulb. 
This latter method provided a very rapid quench, 
and was used whenever the temperatures involved 
were near the critical temperatures. 

Various degrees of lattice order were obtained by 
several different heat treatments. It was found that 
a reasonable degree of order could be obtained by 
furnace cooling (about six hours to 150°C) from 800°C, 
or by holding the samples at 400°C for twenty-four 
hours, followed by either rapid or slow cooling. When 
a high degree of order was desired, the samples were 
cooled at the 
the desired temperatures, and then quenched. 


rate of 2°C per day from 600°C to 


X-ray Analyses 

All X-ray work was done at room temperature, using 
CuKka radiation (35kV,16mA) and the GE-XRD 
powder camera of 14.23-cm effective diameter. The 
beam was collimated with either a slit (0.01 in. 
0.080 in.) or a pinhole (0.030-in. diameter). Exposure 
times were as long as twelve hours, when it was 
desirable to detect faint superstructure lines. The 
parameters listed below are estimated to be accurate 


to about one part in 10,000. 


Magnetic Susceptibility Measurements 

The magnetic susceptibility measurements were 
made using the Gouy method'® with maximum 
field strengths of 5,426: 10,467; 14,052: and 17,563 
The field at the upper end of the specimens 
never LOO 
susceptibility were plotted as a function of the 


oersteds. 


exceeded oersteds. Values of apparent 
reciprocal field strength, and extrapolated to infinite 
field strength to eliminate the effects of ferromagnetic 
impurities.‘ 

Magnetic susceptibilities were determined for 
samples of all compositions in the quenched condition 
ordered, and for various 


(disordered), partially 


degrees of cold-work. Measurements were made at 


room temperature and at liquid-nitrogen temperature. 


Thermoelectric Power Measurements 


All thermopower measurements were made using 
a very simple and standard technique. Small wires 
of copper and constantan were soldered to the tips of 


both ends of the sample wires, making as small a 


4 
at 
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joint as possible. The thermocouples thus formed 
were used to measure the temperatures of the ends 
of the samples, and the two copper leads were used 
to measure the difference in e.m.f. across the wires. 
One end of the sample was placed in an ice-bath and 
the other end was imbedded in a large aluminum 
block which was fitted into a dewar-flask assembly. 
Liquid nitrogen was then added to the dewar flask 
the block 


allowed to come to thermal equilibrium. Using this 


in controlled amounts, and aluminum 


technique, measurements could be made at tem- 
peratures from room temperature to the temperature 
of liquid nitrogen, in any size increments desired. 
In practice, the temperature increments used were 

The thermopower relative to copper was computed 
from the slope of the curve of AF vs. AT’, where AE is 
the difference in e.m.f. of the two ends of the wire 
(measured with a Rubicon Type-B potentiometer), 
and AT’ is the temperature-difference between the 
ends of the 
then converted to absolute thermopower by cor- 


wire. The relative thermopower was 


recting for the absolute thermopower of copper. 


Hardness Measurements 

The 
for the various compositions as a function of the 
The 
technique used was the standard one (Wilson **Tukon”’ 
load). Wherever 


a hardness number is given, it represents the mean 


Knoop hardness numbers were obtained 


degree of order and the amount of cold-work. 


tester; diamond indentor; 1-kg 


value of at least twenty-five determinations. 


Electrical Resistivity Measurements 


The the 
required as a function of several different 


values of electrical resistivities were 
para- 
consequently the techniques involved in 
How- 


ever, in all cases, the actual values of the resistivity 
tech- 


meters; 
sample treatment and measurement varied. 
were obtained by standard potentiometric 
niques which employed a Rubicon type-B potentio- 
meter and a Type T-3210 Rubicon galvanometer. 
The current through the sample was determined 
by measuring the potential drop across a Rubicon 
0.1-ohm standard resistor. The cross-sectional areas 
of the wires were determined either volumetrically 
no appreciable differences 
the 


micrometer: 
the 


areas 


or with a 


were noted for two methods. Errors in 


cross-sectional increase with decreasing dia- 


meters, so that for a given specimen the error in the 
initial resistivity probably does not exceed 0.1%). 
However, the error for all specimens reduced in area 
by 90° could be as large as 1.5 or 2°. Other details 


ORDER-DISORDER 


AND COLD-WORK PHENOMENA 129 
are given below, in conjunction with the technique 
of sample treatment. 

When a sample was to be cold-worked after the 
resistivity measurement, it was inconvenient to have 
permanent potential leads affixed to the sample. 
Because of this, a 


board was constructed which employed knife-edge 


specially designed measuring 


potential contacts whose separation was known 
The error in the length of the sample 
This the 
measurement of the resistivity as a the 
and for the 


Both 


This was the temperature of 


accurately. 


was then 0.02 cm. board was used for 


function of 
measurements as 


degree of order 


function of cold-work. sets of measurements 


were made at 27°C 
interest for the cold-worked samples, but it was used 
as the measuring temperature for ordered samples, 
because the difference in the resistivities of quenched 
and partially ordered samples is much greater at 
room temperature than at the equilibrium tem- 
perature of the degree of order in question 

In order to determine the temperature coefficient 
com.- 


of resistance of these alloys, wires of the same 


position as the samples were spot-welded to the 
sample (about 10 cm apart and 2 cm from the ends 
of the sample wire). The resistivity was measured 
as a function of temperature from liquid-nitrogen 
temperature to 100°C. The measurements could not 
be made to higher temperatures because of the 
danger of annealing the quenched and cold-worked 
samples. For these measurements, a nonconducting 
oil bath from 
bath 
and the samples were placed directly 
The 

potential leads, and the current leads were clamped 


was used LOO’C to OFC: an acetone 


was used from to dry-ice temperatures 
into liquid 
wires were used as 


nitrogen spot-welded 


ratol 


to the ends of the samples with modified al 
clips. 
3. RESULTS AND DISCUSSION OF RESULTS 
3.1. Order-disorder in the Alloys 


Thirteen alloys in the composition range from 6 to 
actual 
14.7, 


per cent 


per cent palladium were prepared (the 
1258. 133. 


, 26.6, and 29.0 at 


29 at. 
compositions were: 6.4, 9.7, 
16.7, 17.0, 19.5, 20.9, 22 


palladium) and the lattice parameters and electrical 


resistivity of these alloys were determined for 


variety of heat treatments Fig 1 gives the lattice 


parameters as a function of per cent palladium for 


three heat treatments. The lattice parameters of the 


quenched (disordered) samples appear to be accu- 
but to have twe 


That is, 


rately linear with composition, 


different slopes in this composition region 


4 
1O56 
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:. 1. Lattice parameters as a function of composition for various heat treatments. 


lattice parameter vs. composition is a straight line 
of one slope up to the composition at which tetra- 
gonality becomes evident, and a straight line of a 
different slope thereafter. 

The lattice parameters of the alloys which were 
slowly (2°C per day) cooled exhibit several inter- 
First, in the cubic region there is no 


Although 


the intensity and sharpness of the superstructure 


esting features. 
change in atomic volume on ordering. 
lines in this region increase considerably with in- 
creasing order, the lattice parameters remain rigor- 
Fig. | 


that the c/a ratio of those alloys in the tetragonal 


ously constant. Second, it is obvious from 


region provides a measure of the degree of order. 
This has been discussed by Madoc-Jones and Owen‘? 
for 25°, palladium, and they derived an empirical 
relation between the c/a ratio and the order para- 
meter S. The validity of relationships of this type 
is always questionable over a range of compositions, 
and particularly so in this case, since Madoc-Jones 
and Owen worked on the basis of a unit cell, which 
according to Geisler and Newkirk” is not the true 
unit cell. The present authors are inclined to agree 
with Geisler and Newkirk both on the unit cell and 
on the fact that the Cu,Pd composition is the most 


favorable composition for ordering, in spite of the 


smaller c/a ratio at Cu,Pd. Fig. 2(a) gives curves of 
c/a for 20.9 and 25°, palladium and Fig. 2(b) gives 
the c/a values for quench temperatures of 400°C and 
The latter 


curves in the region of 23 to 25°, palladium represent 


275°C as a function of composition. 


extrapolated values obtained from our data and that 
of Jones and Sykes.” 

Notice that in Fig. 1 there are no points for the 
29 at. per cent sample at 275°C. This is because the 
29°, sample overlaps the region in the neighborhood 
of the 50-50 composition which orders with a body- 
centered cubic structure. This alloy will be discussed 
later. 
ordered tetragonal lattice to be a simple face-centered 


in more detail Finally, if one considers the 


tetragonal cell, there is a slight volume change on 
ordering. The maximum volume change is about 


0.06°,, which is extremely small, but the lattice 


parameters were accurate to about 0.01%, so that 
the 


However, it is entirely possible that the change 


from this standpoint volume change is real. 
observed is actually a reflection of the assumption 
of the wrong unit cell. The X-ray diffraction results 
Newkirk, 
and support the suggestion that the tetragonal unit 
cell is a “‘2-hi inverted Ni,Mo-type”’ 

The 


obtained agree with those of Geisler and 


structure.'” 


second parameter used to determine the 
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TEMPERATURE (°C) 
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20 
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Fic. 2. Variation of the ratio c/a with temperature of 
quench and composition for the ordered tetragonal lattice. 
presence of order was the electrical resistivity. Fig. 3 
gives the values of the electrical resistivity as a 
function of composition for five of the heat treatments 
investigated. The values of resistivity for samples 
quenched from 600°C and 500°C are not included, 
since they are nearly the same as the values for the 
samples quenched from 800°C. The dotted lines in 
Fig. 3, 


regions, are taken from reference (1). When examining 


indicating the boundaries for the various 


the curve. it is well to remember that the composition 
may be in error by 0.2%. 
The the 


(disordered) samples is very similar to the behavior 


behavior of resistivity of quenched 
of the lattice parameter. That is, the curve can be 
represented by two straight lines of different slopes 
with the break occurring in the neighborhood of the 
composition at which tetragonality is first observed. 
The remaining values, in the range from 10 to 25°, 
palladium, illustrate the effects of various amounts 
of order, or alternately, indicate the degree of order 


The 


obtained from a particular heat treatment. 
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points outside this range have some _ interesting 


individual features. Contrary to the work of Jones 
and Sykes, we found no evidence of ordering in a 
9.7% sample, even at 275°C. Therefore, an equi- 
librium diagram based on the present work would 
have to have the order-disorder boundary above 
palladium. the high 


Similarly, palladium 


boundary would have to be moved to a slightly 
higher palladium content, since the 26.6%, 
was definitely ordered at 400°C 
the 


sample 
whereas Jones and 
limit of this 
The 29% 


a very interesting special case 


Sy kes indicate composition at 


temperature to be 26.2% , sample presents 
This sample showed 
no tendency to order for any heat treatment except 
the very slow cooling to 275°C. In the latter case 


The 


is a tetragonal lattice with a c/a ratio slightly less 


two phases are observed. main ‘constituent’ 


There is also a body-centered cubic 
2.969 A) which 


is highly ordered, as evidenced by the fact that the 


than unity. 


| phase present (lattice parameter a 
| 


superstructure lines are comparatively intense. Thus 
it appears that at 275°C there is an overlapping of 
the 


with Jones and Sykes’s work (see reference 18 for a 


two ordered regions, which is in disagreement 


discussion of this point). 
There is some disagreement between the present 
data and those of Jones and Sykes as to the maximum 


temperature of ordering. They show the ordering 


27 
temperatures to be higher than 500°C over a con- 


indicates that the maximum temperature of ordering 


siderable range of composition. present work 


is in the neighborhood of 475°C, and this is in sub 


other 


stantial agreement with recent work 7 
A considerable amount of effort was expended in 
attempting to detect effects of short-range orde 


X-ray 


However, in no case was there observed any 


resIstly it1es 


appre 


on the diffraction patterns ot 


ciable effect of short-range orde} 


The effects of order on the thermoelectric 


powel 
the magnetic susceptibility, and the thermal coefficient 


those sections which 


of resistivity are discussed in 


deal with the cold-work phenomena 


3.2 The ( old-work Phe nomena 


The alloys of copper-palladium in the composition 


range studied, exhibit very unusual behavior when 


deformed, quite unlike either a “‘normal”’ alloy an 


ordered alloy such as copper-gold. To have a com 


parison with what is often thought to be a “standard 


order-disorder alloy, similar measurements wer 


% Au alloys which received 
Cu-Pd 
Cu.Au 


made on Cu,Au and Cu-5 


treatments equivalent to those given the 


alloys. Since most of the data obtained on 
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Fie. 3. 


alloys already appear in the literature, only 


comparison curves that are not available and those 


which are useful for emphasizing the point in question 
will be 


show n. 


T he Electrical Resistivita as a Function 0 Cold-work 


and Mi pe rature 


The electrical resistivity as a function of per cent- 


reduction-in-area was measured on quenched (dis- 


ordered) samples, and on samples which had received 


a variety of heat treatments designed to introduce 


partial) order. Since the degree of order did not 


affect the results beyond the first few points, which 


is in itself a remarkable fact, we will discuss, as our 
partially ordered samples, those samples which were 
C per day) to 400°C. These 
order (Figs. 1 and 


and the 


slowly cooled (2 samples 
contained considerable 
for the 29° 


sample is rather unusual for all anneals. 


except 


Pd sample, behavior of that 


behavior of the electrical resis- 


cold-work for the 6.4 


Fig. 4 shows the 


tivity as a function of and 
16.7 at. 


similar 


gives 


ver cent palladium samples. Fig. 5 
I I 


curves for the 19.5 and 29°, 


samples. For 


those 


Electrical resistivity at room temperature as a function of composition for various heat treatments. 


comparison, Fig. 6 gives curves for copper-gold 


alloys. The general features of the curves given in 
Fig. 6 are in good agreement with the data of Dahl.‘ 

Figs. 4 and 5 are typical curves for each of the 
four “regions” studied in this work; other com- 
behaved quali- 
6.4% 
are typical of the low palladium region which does 
16.7° 


which 


positions in corresponding regions 


tatively the same. Specifically, the samples 


not show order: the samples are typical of the 


composition region tends to order as face- 


Oo 


centered cubic; the 19.5°, samples are typical of the 


region which orders as tetragonal: and the 29°, 


is again outside these regions, but, as 
it tends 


sample pre- 


viously mentioned, if slowly cooled to 275°C 
to be a mixture of ordered phases. 
Notice that in all 


(and the slowly 


cases the quenched samples 
cooled 6.4°% sample) decrease in 
On the other 
samples show first an 
To the 


resistivity with increasing cold-work. 


hand, the partially ordered 


increase and then a decrease in resistivity. 


best of our knowledge this is the only homogeneous 


alloy which shows a marked maximum in the 


resistivity with cold-work, independent of order. 
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:. 7. The position of the peak in the resistivity vs. per cent reduction in area 
curves as a function of composition. 
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Fic. 8. The change in resistivity for 90°, reduction in area, ¢ 
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It is not clear why one should observe this maximum; have plotted, on Fig. 7, the average position of the 
it is not improbable that it is simply a case of the maximum in terms of per cent R.A. as a functior 
primary effect, order, having to be removed before of composition for all determinations 
the (secondary) effects of cold-work can be observed emphasized that the different values 
Since the absolute values of the initial resistivities each of these average points were take 
of the ordered samples depend to a considerable obtained from samples which had been 
degree on the heat treatment, it is difficult to discuss in as many as four different ways (se 
the data quantitatively. The height of the peak different treatments involved TI 
(maximum) depends to some extent on the orde1 lationship is as yet unexplained 
present; apparently the higher the degree of order The 29 sample used in Fig 
the higher the maximum value of the resistivity, so ordering (either body-centered cu 


that in some cases this peak actually exceeds the but the behavior of resistivity 
quenched (initial) resistivity. There are, however, indicates that severe annealing produ 


two unvarying quantities exhibited by the partially ledge” on the part of the sample th 


ordered samples. The resistivity of any sample of being ordered. Additional ordering 


which has been reduced 90°, in area is the same as _ the initial portion of the curve 
any other sample of the same composition, in- The data obtained from 
dependent of any heat treatment that was originally can be treated in a more quai 


thar 


nvwv.. 


applied. Also, the position of the maxima on the _ the initial resistivity varied less 
curves of resistivity versus the per cent-reduction- samples were quenched at temperatures 
in-area seems to be only a function of composition to 500°C. The decrease in resistivitv w 
Any dependence on the amount of order initially is unusual, but it is even mor 

present, if present, is so slight as to be within the decrease is » marked Further the 


error of locating the maximum (less than 5°,). We features of ease are very unusual 
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where the change in resistivity with cold- 
The 


obtained in this laboratory, 


Fig. 8, 
work is given as a function of composition. 
pure-copper data was 
but agrees well with previous data.) We see from 
the figure that the absolute value of the decrease in 
resistivity, in the composition region which tends 
to show ordering, is rigorously constant. The actual 
where the maximum 
different 


determinations are also given. The usual quantities, 


data are tabulated in Table 1, 


deviations from the average values for 


Ap/p, are also given in Table 1. 


Reduction in resistivity of Cu-Pd alloys 
with cold-work 
nitially que ncehed from SOU C) 


TABLI 


All allo 


0 ance 
change 


in resistivity 
Ap 

(micro-ohm 
em) for 


90% R.A. 


Ordered 
structure 


Compo- 
sition 


) 


do not 
order 


tetragonal 


tetragonal 
mixea 


phases 


Note: po 
Pr resistivity 
area, by drawing. 


resistivity of alloy after quenching; 
of alloy after 90°, reduction in 


There 


qualitative aspects of the general behavior of the 


appear to be plausible reasons for the 
resistivity (see Section 4), but the explanation of the 
result that Ap is a constant for the composition 


range in which ordering occurs, is pure speculation. 


It is possible that this comes from a “‘saturation”’ of 


the effects discussed, or from a competition of the 


mechanisms. However, it should be pointed out 
here that the decrease in resistivity with cold-work 
First 


no evidence of order in the X-ray patterns, and it 


is not due to lattice-ordering. of all, there is 
has been determined (Section 3.1) that short-range 
order does not appreciably affect the resistivity. 
However, more important in this respect, cold-work 
produces the opposite effect from order in the case 
of the magnetic and thermoelectric properties. 
The 


useful 


resistivity is a 
the 


temperature coefficient of 


parameter for obtaining insight into 
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relative roles played by the composition (impurities) 
and the lattice vibrations in the electrical properties 
of the material. It was found that all samples in the 


composition range from 10 to 25%, palladium ex- 
hibited resistivities which were perfect linear func- 
tions of the temperature in the temperature-range 
considered. The 6.4, 26.6, and 29 per cent palladium 
slight (0.5%) 
in dp/dT at temperatures near that of liquid nitrogen. 


samples indicated a very increase 
Thus, over a considerable temperature-range these 
alloys obey the usual relation 


p = poll + a7). 


Fig. 9(a) gives « as a function of composition, and 
Fig. 9(b) gives the more informative quantity dp/dT’ 
9(b), the 


width of the lines indicate the spread in the data 


as a function of composition. In Fig. 
(maximum deviation less than 0.5°,) for the quenched 
and cold-worked samples. The actual points were 
plotted for the slowly-cooled samples which show 
a somewhat greater spread (about 2.49% maximum 
deviation), presumably due to the sensitivity of the 
samples to slight changes in the heat treatment. 
The first important fact that we obtain from Fig. 9 
is that Matthiessen’s rule, which states that dp/dT' is 
independent of composition (for small changes in 
composition), is obeyed over a very wide range of 
composition; much wider, in fact, than one expects. 
Further, Matthiessen’s rule is obeyed with respect 
to composition independently of the heat treatment 
the hand, Matthiessen’s 


or cold-work. On other 


rule is not obeyed with respect to cold-work. This 


the 


since 


belief that 
materials 


the usual 


cold-worked 


is at variance with rule 
should hold for the 
scattering from the imperfections is not considered 
to be dependent upon temperature. Concerning 
this last point, « decreases with cold-work, as ex- 
pected. However, in the present case p also de- 
creases, so that the product, zp, is not constant as 
but is definitely different for 
quenched and cold-worked samples. The 


given in Fig. 9 for the ordered samples also illustrate 


in the usual case, 


results 


why the temperature coefficient « frequently does 
not provide a meaningful quantity. In the present 
case, « simply reflects the initial resistivity, as is 
obvious when Fig. 9(a) is compared with Fig. 3, with 


due respect for the differences in scale. 


The Thermoelectric Power as a Function of Cold-work 
and Lattice Order 

The electrical resistivity can be thought of as a 
measure of the electronic scattering due to the lattice 
vibrations, the impurities, and other imperfections 


OU oOo 
Po Pr 
6.4 0.2 2.8 
9.7 0.4 4,2 4.3 
11.3 1.55 0.05 13.7 15.9 
12.6 1.55 0.05 12.5 14.3 
f.c.c. 14.7 1.55 0.05 10.9 12.3 
16.7 1.55 0.05 9.9 11.0 
17.0 1.55 0.05 9.6 10.6 VU1 
4 
19.5 1.60 0.05 10.0 
20.91.55 + 0.05 8.4 9.1 
22.7 1.55 0.05 7.9 8.6 
26.6 isa 0.10 7.9 8.6 
29.0 2.25 0.10 9.7 10.7 
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of all types. The thermoelectric power can be thought 
of, in a crude way, as the way this scattering changes 
with the energy of the electrons. For conceptual 
purposes we can think of the thermopower as the 
slope of the curve of scattering cross-section versus 


the energy of the electrons, the slope to be evaluated 


DISORDER 


AND COLD-WORK PHENOMENA 


orders in a face-centered cubic lattice: Fig. 10(c) gives 
the results for an alloy which orders in a tetragonal 


structure; and Fig. 10(d) gives the results for a 
sample, the slowly-cooled sample showing no order 
In all of the figures, the absolute thermopowet is 


plotted against the centigrade temperature 
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(a) The temperature coefficient of resistivity. b) dp/d7 


as a ftunct 


composition for quenched, partially ordered, and cold-work samples 


at the Fermi energy. From this naive point of view, 
one can see that the thermopower is potentially 
a useful source of information when a change in the 
electronic structure is suspected. 

The 


previously described, for representative compositions 


thermoelectric power was measured, as 
and for partially ordered samples, disordered samples, 
and samples which had received various degrees of 
cold-work. 
Fig. 10(a) 
alloy; Fig 10(b) gives the results for an alloy which 


Typical results are shown in Fig. 10. 


gives the results for the low palladium 


The data indicate that there is no appreciable 


difference in the thermopowel of the low-palladium- 


content alloys when the samples are quenched 


cooled. or severely cold-worked Actually 


large 


slow ly 


the scatter is enough that a small differenc« 


might exist as in copper-gold alloys containing small 
amounts of gold. We have plotted the coppel gold 
case in Fig. 1] 

The samples which fall in the composition region 
thermo- 


We 


ot ordering, exhibit marked changes in the 


power with heat treatment and cold-work 
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fa) 6.4 Atom Percent Pd 


(c) 20.9 Atom Percent Pd as 
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absolute thermopower as a function of temperature for quenched, partially ordered, 
and cold-worked samples of various compositions. 
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(c) 20.9% Pd. (d) 29% Pd. 
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The absolute thermopower of Cu-Au alloys as a function of temperature 
for various samples treated similarly to the Cu-Pd alloys. 
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have included in Figs. 10(b) and 10(c) the results for samples which have been cold-worked. On the othe 
ordered samples cold-worked to the amount necessary hand. when S is plotted as a function of cold-work. 


to bring them near the region of the resistivity as in Fig. 12, there are considerable differences 


%/e Pd | 
17 % Pd 

Fig. 12. The thermopower a 

Nat | function of cold work 
The solid lines are for samples which 

| 


were initially slowly cooled 


The dotted curves with similar s 


corresponding composition. 
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| 
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| 
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Fic. 13. Absolute thermopower at 
0°C of quenched, partially ordered, 
and cold-worked Cu-Pd alloys. 
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ATOM PERCENT PALLADIUM 
maximum in the curves of Figs. 4 and 5; the general between quenched and slowly-cooled samples, and 
trends of the S vs. 7’ curves for these samples are between slowly-cooled samples of different com- 


not substantially different from initially quenched positions. Very little reliance can be placed on the 
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actual forms of the curves in Fig. 12, 
that 
of different compositions is very similar. 


but they do 
the behavior of quenched samples 
Also, they 


point out the most interesting fact that the thermo- 


indicate 


power of a slowly-cooled sample which has been 
cold-worked to the region of maximum resistivity is 
very nearly equal to the thermopower of a quenched 
sample of the same composition, which has not 
been cold-worked. 

In general, the thermopower of partially ordered 
samples is very slightly negative at low temperatures 
and becomes increasingly positive with increasing 
temperature. On the other hand, the thermopowers 
of quenched and cold-worked samples are con- 
siderably more negative at low temperatures and 
become increasingly negative with cold-work. Thus, 
the thermopower data are consistent with the general 
tendency for these copper-palladium alloys to 
behave oppositely from the usual or more “normal” 
case. This is illustrated by a comparison with the 


11). All 


alloys with which the authors are familiar behave 


copper-gold results (Fig. other ordered 


in a similar fashion to the copper-gold alloys. That 
is, the ordered alloys show a tendency to have a more 


negative thermopower than the quenched alloys, 


and cold-work usually causes the thermopower of 


pure metals and ordered and disordered alloys to 


become slightly more positive. 

One final point of interest is illustrated in Fig. 13, 
where the absolute thermopower at O0°C is plotted as 
for partially ordered, 


a function of composition 


quenched, and cold-worked alloys. Of particular 


interest here is the considerable difference between 
disordered (quenched) and partially ordered samples. 
Using a sufficiently elaborate set-up, the thermo- 
power can be detected to an accuracy represented 
by better than 0.001 of the spread between these 
that the 


sensitive 


two curves. Therefore. it is proposed 


thermoelectric power could be used as a 


In connection with this. 


detect the 


means of detecting order. 


an attempt was made to 
short-range order by means of thermopower measure- 
ments. The best curve through the points obtained 
for a quench from 480°C did show a slight increase 
compared to the results for a quench from 800°C, 
but unfortunately the accuracy of our method is 
that we claim that short-range order 


such cannot 


effects were observed. 
The Magnetic Susce ptibility 
As the work progressed, the idea that cold-work 


the 
electronic structure became increasingly attractive 


deformation causes a fundamental change in 


presence of 
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(and plausible). Thus, it was natural to suspect that 
shell of the 
The pure-metal palladium exhibits a “‘d” 


this change involved changes in the ‘‘d”’ 
atoms. 
shell 


and copper, although considered a 


defect, as evidenced by its paramagnetism;: 
““well-behaved”’ 
metal, occurs in forms (the cupricion) which have 


“d”’-shell 


magnetic susceptibility of the various samples was 


defects. To check this possibility, the 


measured. The results are given in Fig. 14. These 


results agree almost perfectly with the work of 


Svensson.“) This agreement is not obvious until 
the individual points are examined, since Svensson 
had only four points over the entire range and drew 
his curve differently. 


The 


nearly the identical behavior, except for absolute 


susceptibility of quenched samples show 
values, of the classical case of silver-palladium alloys. 
Ordering causes the alloy to become increasingly 
diamagnetic as it does for Cu,Au. However, if 
quenched Cu,Au alloys are cold-worked, very little 
change in the susceptibility is observed; it is roughly 
of the same order as pure copper (Fig. 14). If ordered 
Cu,Au is cold-worked, the susceptibility approaches 
that of the quenched and cold-worked sample. In 
the present case, cold-work causes the diamagnetic 
susceptibility to decrease as a function of cold-work 
independently of the initial heat treatment. Further, 
the sample which was most diamagnetic in the 
quenched state becomes least diamagnetic when 
cold-worked to 90°, R.A. 


is probably related to the fact that the alloy in 


This latter phenomenon 


question is very close to the composition Cu,Pd. 
It should be 


curve drawn through the points representing par- 


pointed out here that the actual 


tially ordered samples is virtually meaningless. That 
is, these samples were all treated in the same way, 
which means roughly that the fractional degree of 


order (S/S...) is greatest for the low palladium 


samples and least for the samples which tend to 
show the maximum c/a ratio in the tetragonal range. 
(Experimentally, it was found that the most severe 
ordering treatments were required for samples in the 
range which orders in a 
Thus, the 


samples could even be a straight line or the reverse 


composition tetragonal 


structure.) curve for very well-ordered 
of the present curve; in any event, it would certainly 
be at more negative values of the susceptibility. 

Before the decrease in diamagnetism with cold- 
work could be attributed to any fundamental change 
in the electronic structure of the alloys, it was 
necessary to satisfy the possibilities that it could be 
due to ferromagnetic impurities introduced during 
cold-work or due The 


simply to imperfections. 


A 
“Ly 
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The magnetic susceptibility, at room temperature, as a function of composition of quenched, 
partially ordered, and cold worked Cu-Pd alloys. 
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experimental technique used (Section 2 or 
| 


reference 
13) permitted effects of ferromagnetic impurities to 
be extrapolated out. 

The possibility that the decrease in diamagnetism 
could be due to lattice imperfections had to be con- 
sidered, since it had been reported in the literature"? 
that the 
Later 


suscept ibility. 
that 


the cold-work increased 


however, indicated cold-work 
does not affect the susceptibility of pure metals, 
and this is in agreement with our data on pure copper 
14). We that did not 


appreciably affect the susceptibility of 6.4% 


( rk 


the 


(Fig. also found 
palladium sample. 
Therefore, the problem became one of whether or 
not a paramagnetic component was introduced 
(or one present, increased) or whether diamagnetism 
was simply decreased. In order to check whether 
a simple paramagnetic component of the type found, 
for example, in pure palladium was present, the 
susceptibility was measured at liquid-nitrogen tem- 
peratures. In all cases, the susceptibility was. within 
experimental error, identical to that measured at 


room temperature. To be sure, the temperature 
range is not large enough to say conclusively that 
there is no temperature dependence, but it is large 
that 
not of the type found in pure palladium. 

Peierls“) that the 
netism is inversely proportional to the effective mass, 


(15) 


enough to say any paramagnetism present is 


has shown Landau diamag- 


and we know that the Pauli spin-susceptibility 


also temperature-independent) varies directly as 


On this basis, we could account 


the 


the effective mass. 


for the entire effect in terms of conduction 


electrons, or, more precisely, in terms of electrons 
the 


plausible an increase in the density of states at the 


taking part in conduction, if we can make 


definition of the 
this 


top of the Fermi distribution (by 


effective We shall discuss further in 


Section 4. 


mass) 


Me ( han ical Hardne SS 


the mechanical 


the hardness of order- 


Koster,“® in a review of 


found that 


pro- 
perties of alloys, 
disorder alloys changes appreciably only when the 
structure of the alloy changes, and in that case the 
ordering. Presumably a 


hardness increases on 


dislocation can move through an ordered cubic 


alloy more easily than through a disordered one, if 
the disordered phase is also cubic, and so the hardness 
If, on 
the 


should decrease slightly if it changes at all. 
the 
ordered and disordered structures, the existence of 


other hand, there is a difference between 


out-of-phase domains of different structure sup- 
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posedly represents an obstacle to the motion of a 
dislocation, and in this case the ordered alloy is 
harder. 

The results obtained for the copper-palladium 
alloys support this view, as the results given in 
Fig. 15 indicate. Considering the points at zero- 
that the 14.7% 
face-centered cubic structure, 


reduction-in-area, we see alloy, 
orders in a 
little 
An average of twenty-five determinations 
that the 
be slightly softer, but for any single determination 


which 


exhibits very change in microhardness on 
ordering. 
on each indicates ordered material may 


the difference is well within experimental error. 
On the other hand, the 19.5°, alloy, which orders in 
a well-defined tetragonal structure, is appreciably 
harder than the disordered structure. 

The increase of the microhardness as a function 
of the cold-work is very similar to that observed for 
many alloys. The fact that the hardness apparently 
the that 


the unusual results occur mainly for those properties 


behaves “normally” supports conclusion 


which are relatively structure-insensitive, and are 


primarily the result of electronic rather than structural 


changes. 


DISCUSSION OF THE 


PHENOMENA 


4. GENERAL 
COLD-WORK 

The principal experimental facts are: 

(a) The resistivity decreases markedly with cold- 
work for quenched samples (Figs. 4 and 5). 

(b) The value of dp/dT is lower for cold-worked 
samples than for quenched samples (Fig. 9). 

(c) The thermoelectric power becomes increasingly 
negative with cold-work (Fig. 13). 

(d) The magnetic susceptibility becomes less nega- 
tive with cold-work, but the alloys remain dia- 
magnetic (Fig. 14). 

(e) The susceptibility is temperature-independent 
(over the range from room temperature to liquid- 
nitrogen temperature) for both quenched and cold- 
worked material. 

(f) The change in resistivity with 90°, reduction- 
in-area is constant over the composition range of 
10 to 25 at. per cent palladium (Fig. 8). 

(g) The microhardness appears to behave normally 
with cold-work (Fig. 15). 

(h) The 
completely recoverable on annealing at temperatures 
the 18). 

(i) The 
partially ordered samples passes through a maximum 


resistivity-decrease with cold-work is 


above ordering temperatures (reference 


curve of resistivity vs. cold-work for 
before decreasing to follow the behavior of quenched 


samples (Figs. 4 and 5). 
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(j) The value of dp/dT is independent of com- 
position for both quenched and cold-worked samples 
(Fig. 9). 

We should perhaps first clear up the possibility 
of preferred orientation or segregation producing the 
observed results. Orientation was looked for in 
detail (by means of X-ray techniques), and only 
very small] effects were observed, and these not in 
all samples. Segregation could have occurred, but 
it does not seem likely, for two reasons. First, an 
attempt was made to observe it directly through 
lattice measurements, but 
observed. the effects 


pletely recoverable at low temperatures, and at high 


parameter none was 


Second, cold-work are com- 
temperatures the recovery is much too rapid for 


appreciable diffusion (homogenization) to occur 
(see reference 18). 

We are left with three obvious possibilities for the 
behavior of these alloys with cold-work: 

(a) Cold-work introduces order. 

(b) The unusual behavior is simply a reflection 
of imperfections introduced by cold-work. 

(c) The cold-work produces a fundamental change 
in electronic structure. 

The first possibility, order, has been discussed at 
length in previous sections, and has been discarded 
principally on the grounds that, for every quantity 
except the resistivity, cold-work produces the opposite 
effect of order. 

The second possibility is not so easily discarded 
and, in fact, in a broad interpretation the imper- 
fections introduced must cause the observed effects. 
However, we mean by (b) the effects produced by 
imperfections in so far as dislocations, stacking 
faults, 


which 


vacancies, and interstitials are produced 


provide additional scattering centers, or 
otherwise behave as quantities added to the lattice 
without affecting the basic electron structure of the 
This, of 


is the general explanation for the increase in re- 


atoms or of the alloy as a whole. course, 


sistivity observed on cold-working most alloys 


Probably this effect is also present in the alloys 
considered in this work, but since this effect is usually 
quite small, it is masked by the large effects tending 
to decrease resistivity. Also, the argument against 
this type of imperfection-effect is strengthened by 
the results of the thermopower, temperature de- 
pendence of the resistivity, and the magnetic sus- 
That is, it that 
imperfections should make the thermopower become 
(10, 17) 


cept ibility q is generally believed 


more positive. The resistivity due to imper- 
fections as scattering centers should be temperature- 
independent so that dp/dT7’ should remain constant: 
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work") as well the results 


that ( lerwise 


and recent present 


(Fig. 16) indicate well-behaved 


metals the magnetic does change 


Thu 


dded imperfections 


not 


with cold-work served effects are 
probably not due to a 


We 


produces a 


are left with lic iciusion that cold work 


fundamental chan in the 
The acti 
this change not de 


Howe 
the 


el ctronic 


configuration which 


termined by the 


brings about 


resent work ver, the present work does 


shed light on 


produced. 


ele ctroni 


conng 


Several more or less specific possibilities re 


individual results, which 


suggested by turn out not 


example, a decrease in p combined with a decreas 


to be upheld when all the data are considered 


in dp/dT would most easily be 
the 


xplained on. the 


basis of a decrease in scattering of electrons 
from s-p to d bands as the material is cold-worked 
However, the magnetic measurements and, in fact 
the values of dp dT’ itself strongly indicate that the 
d band is filled in both 


worked samples). 


Cases 


(quenched and cold- 


We are thus led to consider the usual simplified 
picture of the density of states, N(/#), as a function 


of energy E in the conduction band. From the well 


known dependencies of the major quantities in- 


vestigated in this work on the densities of states 


bove are satished 


we see that all the points a) to(j})a 


or not violated) if we can that the density 


assunne 


of states near the top ol the Fermi 


increased by cold-work. There are 


ways in which an increase in 


could be brought about: eithe1 


relative 


a shift in the 


the 


band. posith 


of gravity of and d bands 


narrowing ol the d band 


a shift in the relative 


POSITLONS 
gravity of the s and d bands would not 
One way, in fact, of achieving such 
to move the atoms farthe1 apart 

this 


Although these alloys exhibit order 


not been used explicitly arriving at the 


conclusions. since, genera ly ordered all 


different alloys than disordered 
the same composition The sug 


the fact 


essentially 
how 
1B pairs of atoms 

BB Also, the 


tendency of the alloy to assume different structures 


were 


gestions 


ever, influenced by that 


strongly favored over AA o1 


are 


on ordering is an indication t interatomic distances 
are critical in this substance 
The authors do not claim that the above Suggestions 


are more than qualitative possibilities. There are 


4 

4 
narrowing of th 
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a number of experiments which are needed to decide 
Certainly, 
The 


Low - 


the causes of the observed phenomena. 
a detailed 


amount of stored energy should be very large. 


structure determination is needed. 
temperature measurements, particularly of the Hall 
coefficient and of the specific heat, would provide 
most valuable information concerning the number 
of carriers and the variation in the density of states. 
By and large, the study reported was in the nature 


of a survey, but it indicates that these alloys could 


provide an interesting experimental exercise in the 


band theory of metals. 
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THE RATES OF OXIDATION OF SEVERAL FACES OF A SINGLE CRYSTAL OF COPPER 
AS DETERMINED WITH ELLIPTICALLY POLARIZED LIGHT* 


FRED W. YOUNG, Jr.,t JOHN V. CATHCART,+ and ALLAN T. GWATHMEY 


The rates of oxidation of the (100), (111), (110), and (311) faces of a copper single ery 
mined at the temperatures 70°, 106°, 130°, 159°, and 178°C by measuring the increase it 
the oxide film as a function of time. A polarizing spectrometer was used to measure film-thi 
Particular emphasis was placed on preparing a smooth, clean, strain-free surface of known orienta 
The relative order of the rates of oxidation of these faces was found to be (100), (111), (110), 
decreasing order. The results showed the great difference in the rate of oxidation with cryst 
these temperatures, the ratio of the thickness of the oxide on the (100) face to that on 
being 12.5 for oxidation at 178°C. An analysis of the results, according to the present 


oxidation of metals, was presented. 


DETERMINATION DES VITESSES D’OXYDATION DE DIVERSES FAC 
MONOCRISTAL DE CUIVRE, DETERMINEES AU MOYEN DE LI 
POLARISEE ELLIPTIQUEMENT 
Les vitesses d’oxydation des faces (100), (111), (110), et (311) d’un monocristal 
déterminées a des températures de 70°, 106°, 130°, 159°, et 178°C par la mesure 
d’épaisseur du film d’oxyde en fonction du temps. Cette épaisseur a été déterminée a | 
métre polarisant. Un soin tout particulier a été apporté a la préparation de surfaces 
connue, bien planes, propres et exemptes de toute déformation. La vitesse d’oxydation d 
décroissant dans lordre (100), (111), (110), (311). Les résultats obtenus montrent la grand: 
de vitesse d’oxydation suivant ces plans: ainsi pour une oxydation a 178°C, le rapport 
d’oxyde pour (100) et (311) est 12.5. Une analyse des résultats est présentée, a la lum 


actuelles de loxydation des métaux. 


DIE MIT ELLIPTISCH POLARISIERTEM LICHT BESTIMMTEN OXYDATIONS 
GESCHWINDIGKEITEN AUF VERSCHIEDENEN FLACHEN EINES 


KUPFER-EINKRISTALLES 


Die Oxydationsgeschwindigkeiten auf den (100), (111), (110), und 
kristalls wurden bestimmt bei den Temperaturen 70°C, 106°, 159°, und 
Dickenzunahme des Oxydfilms in Abhangigkeit von der Zeit. Zur Messung « 
Polarisations-Spektrometer verwendet Besondere Bedeutung wurde der 
sauberen und spannungsfreien Oberflache mit bekannter Orientierung zugemesse! 
dass die Oxydationsgeschwindigkeit auf diesen Flachen in der Reihenfolge (100), 
abnimmt. Die Ergebnisse zeigten bei den genannten Temperaturen grosse Unterscl 
Oxydationsgeschwindigkeiten auf verschiedenen Kristallflachen. Das Verhi 
der (100)- Ebene zu derjenigen auf der (311)-Ebene ist fiir ein 
der derzeitigen Theorien fiir die Oxydation von Metallen 


durchgefiihrt. 


INTRODUCTION and Mehl'®) measured the 


number of orientations of copper singl 
The first evidence of the anisotropic oxidation of 
using a polarizing spectrometer as a 
copper crystals was obtained by Tammann," who a 
measuring film-thickness obtained a 
noted that the different grains of a piece of poly- : , 
complicated variation of the rate of oxidation 
crystalline copper showed different interference colors ; 
after oxidation. The oxidation of large single crystals : 
with pressure of oxygen. More recently 
of copper was first studied by Gwathmey and associ- ; : 
‘ ’ made careful measurements of the rate of oxidatio 


of the (100), (111), and (110) faces of copper in th 


ates.'2) who used interference colors as the means of 
determining the thickness of the oxide. They con- ' : 
temperature range 195> to using a 
cluded that the rate of oxidation varied greatly with ’ 
ae balance to determine the film-thickness. A prelimi 
crystal face, and determined the relative order of the 
nary report on the use of the polarizing spectromete1 
rates of oxidation of the various faces. Lustmann |: : 

in measuring the rate of oxidation of several faces of 


+ 


nme copper was published by two of the authors 


* Received March 30, 1955; in revised form July 15, 1955. Studies of the structure of oxide films on a yppel 
+ Cobb Chemical Laboratory, University of Virginia. 


* Present address: Oak Ridge National Laboratory. cry stal have been made by Lawless and Gwathmey 
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EXPERIMENTAL METHOD 

Although there have been many studies made of 
the oxidation of metals, there has been a tendency 
to overlook the importance of the preparation of the 
surface. In the present studies, emphasis has been 
placed on the preparation of a clean, strain-free 
copper surface of known orientation. 

A 3-in. sphere, with a cylindrical shaft }in. in 
diameter by 3 in. in length on one side, was cut from 
a copper single crystal rod of 99.99°,, purity in such a 
manner as to have a [110] direction along this shaft. 
Four flat surfaces 3 in. in diameter, corresponding to 
the (O01), (111), (110), and (113) faces, were cut on 
this sphere. (Obviously the chemical properties of 
the (100), (010), (100), ete., surfaces are equivalent.) 
Thus, by turning the sphere on its axis through the 
shaft, the four faces could be rotated consecutively 
to the same given position. The crystal was etched 
to remove the strained layer, which resulted from 
the cutting, and polished mechanically with metallo- 
graphic polishing papers through No. 0000. The flat 
faces were then polished on a metallographic lapping 
wheel with a 20-min suspension of levigated alumina 
and finally polished electrolytically in a phosphoric 
acid-water solution.“ With great care in polishing, 
optically flat surfaces were obtained which were of 
such smoothness that it was not possible to focus on 
the 
LOOO 


surface with a metallographic microscope at 
The smoothness of electropolished copper 
The 
orientations of these faces were checked periodically 
with X-ray diffraction. 


After completion of the electrolytic polishing, 


surfaces has been previously discussed.*? 


was necessary to wash the crystal very carefully 
remove traces of phosphate ion. Many methods of 
washing were tried, and the following procedure was 
adopted. The crystal was immediately rinsed with 


water, immersed in a 10°, solution of phosphoric 
acid in water for one minute, washed in a stream of 
the 


Finally, 


water for one minute and again immersed in 


phosphoric acid solution for one minute. 
the crystal was washed in a stream of water for four 
minutes, dried with a jet of pure oxygen, and then 
fixed in place in the oxidation apparatus. The wash 
water was prepared by distilling demineralized 
water, and approximately eight gallons were used 


A short piece of No. 24 
copper wire 99.999°,, pure, which had been carefully 


in washing each crystal. 


polished, washed, and dried, was used to tie the crystal 
in place in the oxidation chamber. 

The crystal was annealed in purified dry hydrogen 
for one hour at 500°C. It was then cooled in hydrogen 


to the temperature of oxidation, the hydrogen was 
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Fic. 1. 


Polarizing spectrometer. 


Iris diaphram 
Quarter-wave plate 
Polarizer nicol 
Polarizer scale 
Collimating lens 
Adjustable slit 


Telescope F 
Analyser scale G 
Analyser nicol with H 
lippich assembly 

Ellipticity half-shade K 
Crystal L 


evacuated to ~10-* mm of Hg, and an atmosphere 
of purified dry oxygen was admitted. 

The rate of oxidation was determined by measuring 
the increase in thickness of the oxide film as a function 
of time, using a polarizing spectrometer to measure 
film-thickness. The polarizing spectrometer has been 


% The one used in these 


described by various authors.‘ 
experiments was designed and built at the University 
the 


A diagram of this instrument 


of Virginia, following somewhat one described 
by Winterbottom.”°? 
is shown in Fig. 1. The optics of the instrument were 
set so that it was necessary to read only the polarizer 
angle J and the analyser angle B in order to determine 
the The 


refractive index of the Cu,O film on copper was 


change in the ellipticity on reflection. 
determined by one of the authors of this paper by a 
graphical method.“ As previously reported, the 
film-thickness measurements obtained by this method 
compared very favorably with those obtained by 
other methods.‘ 

The crystal was fixed in place in the glass oxidation 
chamber so that the four flat faces could be succes- 
sively brought exactly into the plane of incidence of 
the light by turning the ground joint, as shown in 
Fig. 2. 


alignment. 


Great care was necessary in this optical 
Thus it 


thickness of the oxide on the four faces consecutively. 


was possible to measure the 


One reading per minute could be made, so that the 


film-thickness on each face could be determined as 


often as once per four minutes. 


The temperature was controlled to 0.1°C by 


thermocouples which were placed on the outside 


wall of the oxidation chamber. These thermocouples 
were calibrated against a thermocouple placed inside 
the chamber in the position which the crystal normally 


occupied. 
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RESULTS 

As reported earlier by Gwathmey and associates,) 
the relative order of the rates of oxidation of the 
principal faces was found to be (100), (210), (i11), 
(110), (311), in decreasing order. 
oxide thickness the (100). 

(110), and (311) faces at the temperatures 70°, 
130 159°, 
The results of two experiments carried out under the 


(111), 


versus time for 


and 178°C, are shown in Figs. 3 to 7. 


same conditions were plotted on each curve, the 


points with tails indicating one experiment and the 


untailed points the other one. The tails were omitted 
from all points for the (311) and (110) faces because 
of the 
were gradually reduced in size and regularity of shape 


closeness of the curves. Since the crystals 
by the polishing processes, it was necessary to use 
two crystals cut from the same crystal rod in making 
these measurements. The first crystal was used for 
and 159°C and the second 
106 


the measurements at 178 
for those at 70°C, 


130°C were carried out with both crystals in order to 


while measurements at and 


serve as a check on the two specimens. The same 
results within the limits of the method were obtained 
with the two crystals. In addition, many measure- 
ments were made with a number of crystals under 
slightly different conditions, and results within at 
least 10°, of those given were obtained. 


EVALUATION OF RESULTS 


The polarizing spectrometer is especially suited to 
determining rates of oxidation on the different faces 
of a single crystal. It is one of the most accurate and 
sensitive methods for measuring film-thickness, and 
it has the unique advantage that continuous, non- 
can be made of film- 


destructive measurements 


thickness in one desired area exclusive of that in 
other areas. 

The thickness of a film of Cu,O on copper can be 
A over the range 0—-1000 A with 
this polarizing spectrometer if the film is not changing 


this 


determined to l 


in thickness. However, accuracy cannot be 
maintained for rapid measurements on films which 
Thus, the measurements 


1 A. while 
is 


are changing in thickness. 
at 70°C are believed to be accurate to 
the the 


believed to be at least 5A. 


measurements at 


The se 


accuracy for 
are average 
thicknesses. 

A spherical crystal with flat faces cut on it has 
special advantages in studying the rates of surface 
reactions. Since all the 


piece of metal, they must be at the same temperature, 


faces are on same small 


and since they have been prepared in exactly the 


Rectilinear plots of 
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same manner prior to oxidation, the relative rates 
should be especially significant under the conditions 
of the experiment. 

The presence of impurities adsorbed on the surface 
either prior to or during oxidation, henceforth called 
contamination, can greatly affect the rate of oxidation. 
It appears that this fact has often not been appreci- 
ated. A number of studies have been made of the 
effect of impurities within the metal on the rate of 
oxidation," but this effect is generally much smaller 
than that of surface contamination. 

The problem of the removal of contaminating 
atoms on the surface is a most important one. How- 
ever, there is no completely satisfactory method of 
traces of 


analysing for small 


The single crystal in the 


detecting or very 
impurities on a surface. 
form of a sphere has special advantages in detecting 
surface contamination. It has been previously 
described that when a copper single crystal sphere is 
oxidized, a color-pattern results. This is due to the 
fact that the various crystal faces oxidize at different 
rates, thereby building up oxide films of different 
thickness on the various faces, and these oxide films 
This 


extremely sensitive to traces of contamination. It 


show interference colors. color-pattern is 
was determined that less than a monolayer of con- 
taminant on the surface can visibly alter the oxidation 
color-pattern. 

After experimenting with many methods of pre- 
paring the surface, the procedure described was 
thought to give the most satisfactory surface in 
terms of ease of reproducibility and of freedom 
from facet 
The oxidation pattern obtained with this procedure 
therefore the 
“standard” pattern (see Fig. 8), but there is admit- 
the 


absolutely sure that even these measurements were 


contamination, formation, and _ strain. 


was referred to as characteristic or 


tedly no method at present time of making 


not made under a constant state of contamination. 
In the procedure used, every effort was made to 
remove all contaminants without, at the same time, 
that its 
If the oxide pattern 


giving the surface such drastic treatment 


structure would be unknown. 


on the spherical part of the crystal did not show the 
standard pattern, inconsistent results on the flat 
faces with the spectrometer were always obtained. 
The effects of traces of such contaminants as stopcock 
grease, impurities in the wash water, phosphate ions 
from the polishing-bath, and sulfide fumes in the air, 
were studied qualitatively by noting their influence 
on the pattern. Thus the oxidation pattern was used 
criterion for detecting the con- 


as a presence of 


taminants. 


| 
| 
| 
| 
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It is to be emphasized, therefore, that the results 
which are reported herein apply only for the des- 
cribed experimental conditions. However, a number 
of experiments were carried out to show that the 
choice of experimental conditions was a good one. 
Some preliminary experiments were made using a 
polishing-bath of HNO,—CH,OH in which there 
was no possibility of phosphate ion being present as 
a contaminant. Essentially the same results were 
obtained with both polishing solutions. Also, several 
experiments have subsequently been carried out 
which indicated that when the crystal was cleaned 
with hydrogen bombardment after electropolishing 
and washing prior to annealing in hydrogen, the 
same oxidation results were obtained. 

For the quantitative measurements reported in 
this paper the hydrogen was evacuated from the 
system prior to oxidation at a pressure of approxi- 
mately 10-? mm of Hg. However, a series of experi- 
ments was conducted in another all-glass apparatus 
containing no stopcocks to determine the effect of 
outgassing of the crystal and apparatus. The experi- 
mental procedure was the same as that described 
above, except that the system was evacuated to 


of Hg. 


gassing was that at which the oxidation was to take 


10-7 mm The temperature of out- 


~] 
place. Using the interference colors of the oxide 
films to determine the film-thickness, the same order 
of activity of the crystal faces as reported above was 
obtained. Also the rates of oxidation were the same 
as those reported above, within the limit of error of 
the of film- 
thickness. 

There are several factors which may be important 


interference color method measuring 


in studying the oxidation of copper crystals, and 
which were not thoroughly investigated. First, there 


is no satisfactory method of outgassing a copper 


crystal preparatory to measuring rates of surface 
If the crystal is not heated in a vacuum 


reactions. 
at a temperature near its melting-point, it is doubtful 
whether contaminating gases are completely removed. 
On the other hand, recent results in this laboratory 
show that such treatment will cause facet formation, 
and thus the surface is no longer smooth and of one 
orientation. Second, it is known that there are always 
various types of imperfections present in a single 
crystal which cannot be removed by annealing. 
These imperfections may play an important role in 
surface reactions. For example, the activity of 
regions where dislocations end in the surface may be 
different from that of the At 


present, the effects of these imperfections are not 


remaining surface. 


known. 
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DISCUSSION 

The relative order of the rates of oxidation 
different faces in this study was, in decreasing 
the (100), (111), (110), and (311) faces, 


orde! 


wh le 
studies of Rhodin," the relative was the (100 
(110), and (111) faces. 
of the (111) 

the 
Very 


will 


rat 


Thus in the first case t] 


rit 
than the (110 


fastel 
Rhodin, 
ol 


relative 


found To he 
ot 


amounts 


the 


while in studies the revers« 


found small impurities 


surtace reverse rates 


faces. the (110) having been found to 


to surface contamination 
ot tor 


traces of impurities on metal surfaces, it is imposs 


suscept ible 


present lack analytical methods 


to resolve this difference 
to have the greatest rate in both studies 
the thicknesses for (100) face reported in these studi 
over the temperature range of 70° to 178°C are extri 
agrees sonably 


polated to 50°C, the value res 


with that reported by Rhodin for the (100) face a 
this temperature. At the present time this agreemen 
The rate of the (311) fac 


was determined only in this study 


has a limited significance. 


The results shown in Figs. 3 to 7 emphasize th 


large difference in the rate of oxidation with crysta 


daetecting 
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Time —~ 


Film thickness vs. logarithm of time for 
110) and (311) faces at 159°C. 


Fic. 9. 


It can be seen that this difference is increasing 
The ratio of the thickness of the 


face. 
with temperature. 
oxide on the (100) face to that on the (311) face is 
1.8 at 70°C, while at 178°C this value has increased 
As determined from interference colors, this 
-20 at 250°C. 

It is the 
Figs. 3 to 7 with the aid of existing theories of oxi- 
Mott 


will 


value increases still further to 


desirable to examine results shown in 


dation of metals. and 
Cabrera.“*) The 


however, that these results cannot be satisfactorily 


particularly that of 
following analyses show, 
interpreted by the present theories. 

|. In no case is a logarithmic relationship of the 
form X Alnt B obeved (X 


t time). Logarithmic plots of the data for 159°C 


film thickness, 

are given in Figs. 9 and 10,* and it can be seen that 

the plots definitely curve upward. This is true for 

the data at all temperatures, even 70°C. This is in 

agreement with Mott and Cabrera. 

2. At 70°C the results for all faces can be expressed 
Bint. 


as 1/X A 
express the results for the two 


used to 
the 


This relation can be 


low-rate faces. 


Oo 

O 
| 


Film thickness —+ 
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Film thickness vs. logarithm of time for 
(111) and (100) faces at 159°C. 


Fic. 10. 


* Figs. 
that 
data, using present 
the referees. 


9 to 14, and that part of the discussion indicating 
calculated from these 
at the request of 


activation energies cannot be 


theories, were added 
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. ll. Reciprocal of film thickness vs. logarithm of 
time for all faces at 159°C. 


(311) and (110), at all temperatures. Fig. 11 shows a 
reciprocal logarithmic plot of the data for 159°C. 
It is clear that the (311) and (110) data are best 
represented by straight lines, while the (100) and 
(111) are definitely represented by curves. 

3. At the 70°C the 
for the (100) and (111) faces can be expressed by a 


temperatures above results 


relation of the form X” = Ct, with n decreasing with 
increasing temperature, the value of n being 4.4 at 
106°C, 4.8 at 130°C, 4 at 159°C, 178°C. 
Fig. 12 shows a log-log plot of the data for 159°C. 
the (100) and 


represented by straight lines, while it is not possible 


and 3 at 


It is clear that (111) data are best 


to draw either straight lines or continuous curves 


through the (110) and (311) data. 
be seen that the (110) and (311) data seem to be 


However, it can 


slightly concave upward. 

4. As suggested by the theory of Mott and Cabrera, 
the temperatures can be expressed 
by a relation of the form dX/dt — 2A sinh X,/X 
(X, = qaV/2kT; A=ave~W*T, VY — difference in 


results for all 


159 °C 


A 
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2. Logarithm of film thickness vs. logarithm of 
time for all faces at 159°C. 
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potential between metal-oxide interface and oxide- 


oxygen interface; g = charge on the diffusing ion: 


a interatomic distance in the oxide: vy atomic 


frequency of vibration: W heat of solution for a 
vacancy plus the activation energy for diffusion). 
A plot of this equation after numerical integration as 
In X/X, vs. In At is a curve with gradually increasing 
slope, the maximum value being 0.5. Thus the 
equation predicts that the oxidation curves can be 
described as a series of curves of the form X’ Ct 
with » decreasing with temperature, since the range 
of thicknesses measured increases with temperature. 
Therefore, the results reported in this paper agree 
qualitatively with this prediction, since the relation 
1/X A B lint can also be described as X Ct, 
where x is a fairly large number. In this connection 
it may be noted that the log-log plots of the (311) 


and (110) data shown in Fig. 12 are slightly concave 


upward, and this fact conforms with this generalization. 


(100) 
Temp. 


A (A/min) X, (A) A (A/min) 
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It is possible to evaluate the constants A 
In ¢ plots of the 
At plot ot 


The values of A anc 


by superimposing In X vs 
mental data on the In X/X, vs. In 
numerically integrated curve 
obtained in this way are shown in Table |] 

Although the numerical values of these constants 


seem to be of the right order of magnitude, a more 


careful consideration of these constants shows that 


they are not consistent with the theory It can be 


seen from the expression {01 X, that it 


tional to 1/7. 


pro} 


and therefore a plot ot 


should be a straight line of zero slope. Fig 
that hold for any 


a plot of In A vs 


this does not 


a straight line. the slope of which should 
Fig. 14 shows such a plot for the experimental d 
cannot he 


of Mott ana 


Obviously activation 


energies 
from this data using the theory 
A numerical integration of 


A’/X sinh X,/X which was 


SINGLE CRYSTAL 15] 
x10 | | | | 
S 
(100) | | 
| | 10 T0100) 
3 +— + + | = | 
| | | (311) 
| | o(110) | (110) 
| (311) | 
13 si R 
ces. Alse 
TABLE | 
4 (A/n (A \ 
178°C l 10-3 1.5 10 £00 10 345 1U 
159°C 5 x 10-5 1 x 10-4 500 l x 10 £50 ex on 
130°C 1.3 10-5 2.3 10 500 2.8 10 600 6 LV Ut 
106°C 2.7 10-5 6 200 1.4 10 =00 l.4 
70°C 5 x 10-7 6 x 10-7 130 5 x 10 10 
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“1G. 15. Logarithm of X/X, vs. logarithm At for the relation 
2A sinh X,/X (parabolic) and dX/dt 1’/X 


-ubic). 


sinh 


Cabrera to be more applicable to the oxidation of 


that this relation and the above 


2A sinh X,/X were nearly numeri- 


copper, showed 
relation dX /dt 

cally identical over the thickness range covered in 
this paper. Fig. 15 shows In X/X, vs. In At plots for 
Since 


these two relations. A’ should obey a similar 


relation with temperature to A, it is clear that 
quantitative agreement with this equation is also not 
satisfactory. 

Although qualitative agreement with the theory of 
Mott and Cabrera is surprisingly good, the fact that 
quantitative agreement is poor is not unexpected, 
First, all 


uniform oxide film on a 


for the following fundamental reasons. 


existing theories assume a 
single crystal face of a metal. The work which has 


(15) and 


recently been done by Harris,“*) Gulbransen, 
(16) this 


These investigators have shown that there 


Benart indicates that assumption must be 


modified 
are nuclei of oxide in the film which differ in thickness 
of the film. Also, the 


Harris shows a difference in the nature of 


work of 


the film 


from the remainder 
und in the number of nuclei with crystal face for 
‘Oppe 
‘annot explain the large difference in rate of oxidation 
face: 


Second, the theory of Mott and Cabrera 


with cryst indeed, it cannot predict the 


correct relative order of the rates of oxidation of the 
| The large 


rate of oxidation with crystal face is probably the 


different crystal faces. difference in the 
most significant fact in these studies. 
It is likely that the roles of imperfections and grain 


boundaries in promoting diffusion through the oxide 


c 
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may be more important than has been realized. 


From this point of view, studies of the orientation 
relationships of Cu,O on Cu may help in explaining 
in part why the different crystal faces of copper 
oxidize as they do. For example, it is found by 
Lawless and Gwathmey'® that the (111) Cu,O is 
parallel to (100) Cu, and (111) Cu,O is parallel to 
(111) Cu. However, there are four energetically equal 
ways by which the (111) planes of the Cu,O may 
form parallel to the (100) planes of the Cu, while 
there are only two ways for the (111) planes of Cu,O 
to form parallel to the (111) planes of copper. Thus 
the former system has more grain boundaries than 
the latter, and the rate of diffusion through the oxide 
may be enhanced. 

These considerations point out the necessity for 
modification of the present theory of the oxidation 
of metals to account for the large differences in rate 
with crystal face and the smaller differences in rate 


within any one face. 
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THE STRUCTURE OF OXIDE FILMS ON DIFFERENT FACES 
OF A SINGLE CRYSTAL OF COPPER* 


KENNETH R. LAWLESS and ALLAN T. GWATHMEY 


The composition and structure of oxide films formed on electropolished sing! 


were studied for eight different crystal faces, using X-ray diffraction techniques 


taken to assure the best possible surfaces as concerns smoothness and freedom f1 
The effects of crystal face, temperature, pressure, oxide thickness, and contaminants 
Cu,O was found to be the major oxide formed between 170° and 450°C and at pressure 
of Hg to atmospheric. CuO formed above certain minimum thicknesses, the values of 
on crystal face and temperature. 

The degree of orientation varied with all the above variables, being, in general 


temperatures and for lower pressures. The type of orientation 


epitaxy) varied with cry 
did not vary with the other variables studied. Four different 


classes of orientatiolr 
Cu,O on Cu, and in all cases a [110] direction of Cu,O was parallel to a {110 
formed was not oriented. 


directior 


LA STRUCTURE DES FILMS D’OXYDE SUR LES DIFFERENTES FACES 
D’UN MONOCRYSTAL DE CUIVRE 

La composition et la structures des films d’oxydes formés sur des monocristaux de cui 

électrolytiquement ont été étudiées pour huit faces cristallines différentes a l’aide des rayons X 

soin particulier a été pris pour assurer les meilleures surfaces possible « 


nce qui concerne le pp 
labsence Vagents de contamination. Les effets de face 


cristalline, température, 
d’oxyde et d’agents contaminants ont été étudiés. 

On a trouvé que Cu,O est le principal oxyde formé entre 170°C et 450°C et entr 
et a la pression atmosphérqiue. CuO se forme au-dessus de certaines épaisseurs minimé 
dépendent de la face cristalline et de la temperature, 

Le degré d’orientation varie avec tous les paramétres cités ci-dessus 
pour des températures élevées et de basses pressions. Le type d'orientation (épitaxic 
cristalline mais est indépendant des autres variables étudiées. Quatre classes d’ori« 
ont été trouvées pour Cu,O sur Cu et dans tous les cas, une direction (110 
direction (110) du cuivre. CuO, lorsqu’il se forme, nest 


pas oriente 


DIE STRUKTUR VON OXYDSCHICHTEN AUFVERSCHIEDENEN 
EINES KUPFER-EINKRISTALLS 

Mit Hilfe von Réntgen-Beugungsverfahren wurden Zusamme! 
lytisch polierten Kupfereinkristallen gebildeten Oxydschichte 
untersucht. Besondere Sorgfalt wurde angewandt, un 
Oberflachen zu erhalten. Der Einfluss der Kristallflache, 
und der Verunreinigungen wurde untersucht. 

Es wurde gefunden, dass zwischen 170° und 450° 
Atmospharendruck Cu,O das hauptsachlich gebildete 
bestimmten Minimaldicke, deren Grésse von der Kristallfl 

Der Grad der Ausrichtung (Verwachsung) variiert 
im allgemeinen grésser bei héheren Temperaturen 1 
wachsung (Epitaxie) variert mit der Kristallflache, abs 
Vier verschiedene Arten von Verwachsungen wurden f 
Richtung des Cu,O parallel zu einer (110)-Richtung in 
Aufwachsen. 


INTRODUCTION the mechanism of oxidation and especially t 


the large differences in rate with face 

Che purpose of this study is to determine the nature 

Although considerable work has been done on the 
of the oxide film formed on different faces of a single Se . 

com position of the oxide formed on polycrystalline 

crystal of copper under various conditions of experi- 12.3.4 l ) 

. ; ene copper. , 2, 3, 4, 9) oniv a tew studies have been made 
ment. A thorough knowledge of the composition PI 


. > Cc sitio the oxid formed 
and structure (including texture and epitaxy) of the of the composition « fs 8 


crvstals of copper.'®: The structural relationships 
oxide film is required in order generally to understand : PI 


of the oxides on single cry stals of coppel have been 


studied by a number of workers,‘*; 1") the most 
* Received March 30, 1955; in revised form July 15, taal (a2 hicl 
+ Cobb Chemical Laboratory, University of Virginia. complete study being that of Menzel, which Was 
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made primarily on etched spherical surfaces. In 


general, most studies have been made on etched 


surfaces or surfaces of an unknown character. 
The present studies were made of thin oxide films 
in the range from 250A to 5000 A, using an X-ray 


The 


carefully electropolished single-crystal surfaces. The 


technique. oxidations were carried out on 
effects of temperature, pressure, thickness of oxide, 
and contaminants on the nature of the oxide were 
studied for several faces. and epitaxial relationships 
were determined for eight different faces. 
EXPERIMENTAL METHOD 
Since both the rate of oxidation and the structure 
of the oxide film depend on the preparation of the 
surface of the metal, great emphasis in these studies 
was placed on obtaining surfaces which were as clean, 
flat. and as strain-free as possible. There is no 
completely satisfactory method of preparing a metal 
Dissolved and 


surface for rate or structure studies. 


adsorbed foreign gases best be removed by 


may 
heating in a vacuum at an elevated 
the other the 


surface so treated is not known at the present time. 


temperature, 


but on hand structure of a copper 


The exact preparation of the surface for these studies 
and the advantages of using the crystal in the form 
of a sphere with flat faces cut on it have been discussed 
by Young and Gwathmey and others.“* 

It should be emphasized that the use of cry stals in 
this form made it possible to utilize the oxidation 
patterns on the spherical surface as a_ reference 
standard for the conditions used for surface pre- 
Addition of 


adsorbed 


paration and carrying out the reaction. 
trace amounts of impurities, whether as 
gases, or as foreign compounds such as grease, caused 


marked changes from the standard. Etching or 
development of facets destroyed the homogeneity of 
the surface, and this also showed up as a change in 
the oxidation pattern. 

The crystals were oxidized at temperatures from 
170° to 450°C and at pressures from 0.8 mm of Hg to 
atmospheric. The oxidation reactions were stopped 
at a given thickness by evacuating the system with a 
high-capacity pump and then cooling to room tem- 
perature. The rate of cooling was varied for different 


experiments. A fast rate of cooling was used to 


minimize solid-phase reactions’) for studies in which 
the determination of the composition of the oxide 
Experiments indicated 
affect the 


was the primary 
that the 


structure appreciably, and in general a moderate to 


pul pose. 


rate of cooling did not oxide 


slow rate of cooling was used for the structure studies. 


Oxide-film thicknesses were determined by means 
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of interference colors, using values for the first-order 


colors as determined by a_ polarized light tech- 


nique.“4, 15) In some cases, thicknesses were checked 
directly with the polarizing spectrometer, and agree- 
thicknesses estimated from interference 


ment with 


colors was always very good. For thicknesses above 
the first the 
orders as determined from the optical formulae 
1050 A between suc- 


successive 
,(14) 


order, increment between 


was used. This amounted to 


cessive orders of reds. Thicknesses determined in 
this way were sufficiently accurate for these studies, 
since in general, sharp changes of composition and 
structure did not occur over narrow thickness ranges. 

The oxide structure and composition were deter- 
mined by glancing-angle X-ray diffraction methods, 
Both 
stationary-crystal techniques were used, the radiation 


The 


face of the specimen being studied was adjusted 


using Cu_ radiation. oscillating-crystal and 


being filtered through Ni foil in the former case. 


normal to the X-ray beam in such a way that the 
axis of oscillation was in the plane of that face and 
normal to the X-ray beam. The crystal was then 
rotated about the oscillation axis until the face being 
studied made a definite angle of inclination with the 
X-ray beam, this angle being determined by con- 
of the the 


oxide faces concerned. 


sideration Bragg angles for metal and 

The diffraction patterns were recorded on a cylind- 
rical film concentric about the axis of oscillation. If 
the oxide was highly oriented, the resulting films 
showed layer-line patterns with X-ray reflections 
from both the flat face of the substrate and from the 
oxide plane parallel to the substrate falling on the 
zero layer-line, provided the Bragg conditions were 
satisfied. As an additional check in determining the 
oxide orientation, the specimen was rotated through 
of about 45° to 90 


dicular to the flat face, and a second layer-line pattern 


an angle about an axis perpen- 
obtained. This gave at once, in many cases, the plane 
of the oxide which was parallel to the given substrate 
plane. In some cases where a sufficient number of 
X-ray reflections was recorded, the complete orienta- 
of the 


inspection of one or two oscillation X-ray patterns. 


tion oxide could be determined simply by 
In other cases, it was necessary to take a number of 


diffraction patterns, using both oscillating-crystal 
and stationary glancing-angle techniques, before the 
complete orientation could be fixed with certainty. 
The use of reciprocal lattice relationships simplified 
the determination of the orientation relationships in 
cases in which they were not obvious from inspection. 

The degree of orientation was estimated by com- 


paring a particular diffraction pattern with each 
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of a series of X-ray diffraction patterns of cuprous 
the 
ranging from essentially random (0-10°,) to nearly 
perfect (95-100°%,). 


series were determined on the basis of the length of 


oxide classified as to amount of orientation, 


The orientations of the classified 
the are of the diffraction maxima, weighted according 


As the 
the 


to the distribution of intensity in the are. 


orientation deviates from perfect alignment, 
diffraction maxima are no longer sharp spots, but 
become arcs which vary in length depending on 
the This 


give a the 


degree of disorientation. method can 


reasonable estimate of degree of 
orientation. 

Studies were made of the oxide on eight different 
crystal faces, the (OO1), (111), (O11), (113), (112), 
(O12), (122), and (133), the studies being more complete 
on the first six faces listed. All faces studied were 
prepared as flat surfaces cut on a spherical crystal. 
It should be noted that results were the same on the 
(100), (O10), (OLO), ete., planes as for the (001). Thus 
it is necessary to indicate results for the faces of only 


one unit stereographic triangle. 


RESULTS 

The results of this study are divided into two 
sections, the first concerning the complex interrelated 
effects of temperature, pressure, oxide thickness, and 
contamination on the composition and texture (or 
the 


Epitaxy may be generally defined as the 


degree of orientation), and second concerning 
epitaxy. 
mutual orientation relationships between two different 


crystal substances. 


COMPOSITION AND TEXTURE 


Composition of the Oxide Film 


The major oxide formed under the conditions of 
these experiments was Cu,O, the X-ray diffraction 
patterns giving d,., values which agreed very 
closely with those given for Cu,O by Swanson and 


21] 


If the crystal was allowed to remain in an oxidizing 


Fuyat,"® including the very weak reflection 
atmosphere after the rate of oxidation had become 
CuO also. No 


certain oxide thicknesses, 


verv slow, monoclinic was formed 


CuO below 


was detected 


which depended on the particular crystal face and 


shows the 


Table 1 


least thicknesses for which CuO was found under the 


the temperature of oxidation. 


specified conditions. 

Since the X-ray techniques used were not capable 
of detecting trace amounts of CuO, it was not possible 
to say that no CuO film 
thicknesses, but only that the amount must have 


was present for smaller 


THE 


STRUCTURE OF OXIDE FILMS 


3000 
LLOO 

S00 
2 O00 
1200 


20 mm of 2500 


been small. Thermodynamic calculations 


reveal that both Cu,O and CuO are stable throughout 


very 


the entire ranges of pressure and temperature covered 


and the Cu,O is the more 


in these experiments, 
probable oxide. The formation of CuO is explained 
When the rate of formation of Cu,O has 


become very slow, the num bet ol coppel ions available 


as follows. 

for reaction at the oxide-oxygen interface is very 
Since CuO is stable under these conditions and 
the 


small. 
a ready supply of copper ions is not available 


reaction Cu,O 40, —> 2 CuO is more likely to take 


place Since the rates become very slow at different 
thicknesses on different crystal faces, the formation 
CuO will different 


faces CuO 


amounts ol begin at 


different 


of large 


thicknesses on would not be 


expected at smaller thicknesses where a_ greate! 


supply of copper ions I8 more readily available 


These results are in general agreement with experi 
electron diffraction,“ ®»® and 


methods No 


In general the me 


ments by both 


electrolytic reduction indication of 


t} 


the oxide CuO’ was found 


used by most previous workers for preparing 


forming the oxide on the metal 


those 


surface and 


different from used in these experiments 


were not comparable 
The CuOd 


polycrystalline 


whenevel present 


with no evidence o 


tation. The Cu,O was in general orient 
of orientation depending on the crystal face 
temperatul 


pressure 


oxide thickness, oxygen 


the presence ot impurities Che remainder 


papel 
variables 


Cu,O 


IS devoted to the eftiect which these 


the texture ind 


have on epitaxy 


Influence of Oxyge n Pre 
The 


orientation of 


etftect of oxygen pressure on the 
und i faces 


The 


show markedly that for pressures below about 200 mm 


oxide on the OO] 


is shown in Fig. | for oxidation at 200°¢ curves 


the degree of orientation increases with decreasing 
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pressure. For pressures greater than 200 mm, there 
seems to be no change in the amount of orientation 
In general, for all faces studied, the 
the the 


pressure. This held true over the whole temperature 


with pressure. 


degree of orientation was greater lower 


range studied and for all oxide thicknesses over about 
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tion difficult. 
oratory indicate that a slower rate of oxidation at 


Preliminary experiments in this lab- 


pressures under 9 mm of Hg may account partially 


for the improvement in orientation observed for 
thicker films formed at low pressures. 


It was found that the type of orientation (epitaxy) 


100 


- 400A 


PERCENT ORIENTATION 


0 -(100) - 700A 


i 


OXIDATION AT 200C 


200 300 


1 
400 


500 600 


OXYGEN PRESSURE (MM) 


Fic. | 


of the oxide 


500 A. 
degree of orientation was greater for the lower tem- 
250°C). 
larger film 
thicknesses less than 500 A, 
highly 


increase in the amount of orientation or no appreciable 


With decreasing pressure, the increase in the 


The increase was also greater 

500 A). For 
the oxide was in general 
slight 


peratures 


for thicknesses oxide 


oriented and showed either a very 


increase. In no case was the amount of orientation 
found to decrease with decreasing pressure. 

Since the oxide film formed at atmospheric pressure 
the 


strong orienting effect of the substrate, the degree of 


is highly oriented for low thicknesses due to 


orientation can increase only slightly with decreasing 
pressure. 


that, at 


This increase is probably due to the fact 


the lower pressures, few oxide nuclei are 


formed with unfavorable orientations. The number 


of possible adsorption sites occupied by oxygen ions 
will in general be 


than at 


greater at atmospheric pressure 


low pressure. Since more adsorption sites 
are always available than are needed for oxide of the 
observed orientations, the higher pressure will lead 
to the formation of additional nuclei of different and 
stable The state of 


concerning the influence of pressure on the rate of 


less orientations. knowledge 
oxidation of single crystals of copper is very limited 
at the present time, and this makes a more complete 


interpretation of the effect of pressure on the orienta- 


Effect of pressure on the degree of orientation 
on the (100) and (111) faces of Cu. 


did not vary with pressure; i.e., when a particular 
crystal plane of the oxide was found parallel to a 
given substrate face for oxidation at atmospheric 
the 


lower pressures. 


pressure, same relationship was present at 


Influe Ce of 
Orientation 
There the 
orientation of the oxide with increasing temperature 
for all the the 


depending on oxide thickness, oxygen pressure, and 


Te mperature and Film Thickness on 


was a general increase in degree of 


faces studied. amount of increase 


crystal face. In no case did an increase in temperature 
produce a decrease in the degree of orientation. The 
complex relationships between the degree of orienta- 
tion, temperature, and oxide thickness may best 
be described by a type of existence diagram in which 
points are designated by the amount of orientation 
This 


is done in Fig. 2 for the (111) face and in Fig. 3 for 


for a given temperature and oxide thickness. 


the (001) face oxidized at atmospheric pressure. 
For oxidation at atmospheric pressure, the oxide 
films formed were generally highly oriented for low 


thicknesses and could be considered as _ pseudo- 


monocrystalline, i.e., consisting of small crystallites 


aligned in a small angular region about a given 


orientation. With increasing thickness above 600 A, 
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decrease 


the 


being rapid at the lower temperatures but gradual 


the amount of orientation decreased. 


seen in 


Fig. 4 for the (111) face. Oxide on the (012) and (001 


at the higher temperatures. This can be 


faces showed this same general behavior, i.e., a high 
film 


by a fairly rapid decrease in the amount of orientation 


initial orientation for low thicknesses followed 


with increasing thickness over a certain minimum 
It was not possible to compare all the faces studied 
the 


different 


over a large range of thicknesses because of 


large differences in rates of reaction on 


faces. 


4000 


@ 


a 


THICKNESS 


OXIDE 


thickness f 


Oxide films formed at pressures of 0.8 mm to 25 mm 


thicknesses from 


200 A up to 3000-5000 A on all faces studied. Thi 


of Hg were highly oriented for all 
increased thy 
O11) planes} or 
112 113 
The disorienta 


X ray 


orientation either 


the same 


amount of 


foxide on (O01), O12), and 


remained about oxide on and 


planes| with increasing temperature 


tion amounted to less than 10° of are on the 


diffraction film in all with the oxide 


Cases 
(OO1) showing the of disorientation 


It should be 


greatest amount 


ditheult t 


pointed out that it is 
separate the effects of temperature from those due to 


initial low-pressure oxidation, when oxidizing at 


atmospheric pressure. In general, 0.7 to 0.8 se 


required for the pressure in the reacting system t 


reach 200 mm of Hg; and at temperatures of 300° 


an oxide film greater than 500 A formed 


The 


anda over, 


in this short time. evidence indicates that 
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large part of the increase in degree of orientation 
observed with increasing temperature over 300°C 
for oxidation at so-called atmospheric pressure is 
due to the initial low-pressure oxidation. 

Two factors in general could lead to disorientation 
with increasing thickness. The first 
rapid falling off of the substrate 
influence The 


second factor is the rearrangement of the oxide due 


of the oxide film 
the 
with 


of these is 
increasing oxide thickness. 
to slip or rotation in such a way as to relieve com- 
pressive stresses in the oxide film. The first of these 
would be the same whether the oxidation was carried 
The 


however, could depend on pressure, since oxide films 


out at low or atmospheric pressure. second, 
formed at atmospheric pressure contain more imper- 
fections than This 
would enable slip or rotation of the oxide to take 


those formed at low pressures. 


place at lower compressive forces than would be the 


case for oxide films formed at low This 
initial orientation can extend 


pressures. 
means that the high 
to greater thicknesses for oxidation at low pressures, 
as is observed. 

The 


crystal at higher temperatures gives greater mobility 


greater amount of energy available to the 
to the oxide. Since the less favorably oriented units 
of oxide are more weakly bound, it is more likely 
will move about under the 


than the 
This then leads to an overall increase 


that these 


temperature stronger bound, favored 
orientations. 
in the degree of orientation with increasing tem- 


perature. 


In flue nce of Contamination 

Trace amounts of such contaminants as SO,, H,S, 
silicone grease, phosphate from polishing solution, 
residual gases from gas used in glass blowing, silicates 
or chloride from wash-water, and many others, 
caused marked changes in the oxidation patterns on 
the crystal sphere. Crystals showing an oxidation 
pattern differing from a “normal” or “‘standard” 
pattern could then be considered as contaminated, 
and in many cases the contaminant could be identified 
from the oxide pattern. 

In all cases, at temperatures of 200° to 250°C, it 
was found that the oxide, when formed in the presence 
of impurities, showed a marked decrease in the 
amount of preferred orientation for all thicknesses. 
In general, the amount of disorientation was almost 
the oxide was polycrystalline, with 
random For 300°C to 
400°C, the oxide showed a marked decrease in the 


the 


complete, 


orientation. oxidation at 


amount of orientation, but not randomness 


shown for the lower temperatures. 


influence of 
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In general, it would be expected that a contaminant 
which is adsorbed on the surface of the metal would 
reduce the the a simple 
blocking and reduction of the substrate influence. 


orientation of oxide by 
In general, less than a monolayer of contaminant 
could cause effective disorientation by blocking the 
adsorption the 
contaminants could also produce disorientation by 


sites on metal surface. Gaseous 


creating imperfections in the oxide as it is formed. 
EPITAXY 

The epitaxial relationships reported in this section 
are those of Cu,O formed on electropolished flat 
faces of a single crystal. The type of orientation 
observed on a particular face did not change with 
temperature, pressure, or oxide thickness within the 
ranges covered in these experiments [170°C-450°C; 
0.8 mm of Hg to atmospheric pressure; 200A to 
5000 A]. The degree of orientation did change with 
these variables, as described previously. 

The epitaxial relationships observed are sum- 
marized in Table 2, the second column showing the 
plane of the oxide which is parallel to the Cu plane 
and the third column giving the 
the 


of given 


listed in column lI, 
necessary to define 


the 


directional relationships 


complete orientation, 1.e., alignment 


rows of atoms of the oxide with rows of atoms of 
the substrate. 

All the orientations observed can be placed in one 
These are designated as 


classes. 


of four different 
I (A, B, C, and C’), II (D), Ill (£, 2’, and £”), and 
IV (F). 

5 (a, b, e, 
the 
face of 


These orientations are shown in Figs. 
and d). The diagrams represent a section 
the normal to the 
The [110] 


direction is normal to the page in each case. The 


rectangular figures in each drawing serve as an aid 


through oxide and copper 


particular copper indicated. 


to visualizing the relative orientations of corresponding 
units of the metal and oxide. Fig. 6 is a schematic 
representation of these orientations for six different 
faces of copper. The large areas of Fig. 6 represent 
the plane faces of copper, and the small figures 
represent the oxide with all faces shown being cube 
faces. 
and C’ occurred only on 
The (001) plane of the 


Orientations A, B, C, 
the (001) face of copper. 
oxide is parallel to the (111) plane of Cu in A and to 
the (111) plane of copper in B. In C the (010) plane of 
Cu,O is parallel to the (111) plane of Cu. 

Orientation D, in which the oxide has the same 
orientation as the Cu substrate, occurred in only 
minor amounts in a few cases on the (001) plane of 
Cu, but was a major orientation of the oxide on the 
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Fig. 5. Positions of Cu ions (+) of Cu,0 with respect to Cu atoms (@) of single-crystal substrate viewed parallel to 


the faces indicated and with the [110] direction normal to the page. (a) orientations A and B on (001)Cu; (b) orienta 
tions D and F on (111)Cu; (ec) orientation D on (011)Cu; (d) orientation F on (113)Cu. 
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. 6. Schematic representation of oxide orientations on Cu. 
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face Cu,O 


Crystal face 


Cu substrate relationshi 
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High index 


face near 
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(111) and (012) faces in all cases, and was the only 
orientation the (O11) of Cu. It is 
probable that the occurrence of D on the (001) face 


found on face 
was due to sub-microscopic etching with the develop- 
ment of (110) or 

Orientations E’, 
to D on both the (111) and (012) planes of Cu. It 
was also the only orientation found on the (122) and 
(133) faces of Cu. The orientations D and E on the 


111) face are exactly equivalent as far as the surface 


(111) facets prior to oxidation. 
and £” were found in addition 


layer of atoms is concerned. EL may be derived from 
D on the (111) face by a 180 
On the (012) face of Cu, E is 
not equivalent to D, and may be thought of as being 
49’ 
about the normal to the (012) face (counter-clockwise 
The 


counter-clockwise rotation brings the densely-packed 


rotation of the oxide 


about the [111] axis. 
derived from D by a rotation of the oxide of 131 


rotation giving E’ and clockwise giving £”). 
row [121] of Cu,O into coincidence with the [121] 
row of Cu, the (111) plane of Cu,O with the (111) 
plane of Cu, and makes three pair of [110] directions 
parallel 

On the (113) and (112) faces of Cu, the orientation 


F was found. For both of these faces, the (110) 


plane of the oxide is accurately parallel to the (113) 


face of the copper, and the [110] directions of oxide 


and metal are parallel. No other densely-packed 


BLE 2. 


Major directional 


ps 


110)Cu 


{110|Cu 


110)Cu 


f110)Cu 


f110/Cu 


(O11|Cu 
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Remarks 


A, B, C, and C”’ are exactly 
equivalent orientations. 


Found only in a few cases 
Orientation E also be 
expressed as: 
(111)Cu,O 
{110jCu,O 


may 


(111)Cu 
L10|Cu 


E’ and FE” are equivalent orienta- 
tions, but are not equivalent 


KE’ 


to D. 
may also be expressed as: 
(120)Cu,O//(012)Cu 


[110|Cu 


110|Cu 


rows of atoms or planes of atoms coincided. 
It should’ be that the 
reported in this paper were obtained on flat electro- 


emphasized results 
polished and annealed surfaces, and both the con- 
of the 
surface were different from those used by previous 
9,19,11,12) The 


ditions of oxidation and the nature metal 


workers. results are thus not 
strictly comparable. 

Neither the preparation of the surface nor the 
conditions of the oxidation are reported by Mehl, 
McCandless, and Rhines.‘®) Their observation, that 
the Cu,O grows with its cube axes parallel to the cube 
axes of the substrate, was borne out for the parallel 
orientations on the (011), (012), and (111) faces, but 
not for any other faces studied. 

Thiessen and Schiitza used surfaces which had 
been etched in HNO, and then annealed at 1000°C 
before oxidation was carried out at 325°C and 150-mm 
pressure. Their results on the (001), (O11), and (111) 
faces are in agreement with those reported here. 


Yamaguti™®) etched his specimens in HNO, and 
3 
1000°C. The 


orientations observed cannot be compared directly, 


HCl, and then oxidized them in air at 


since the faces used were not specified except for one 


specimen. On a (001) face the orientation observed 


did not agree with that found here. 


Elam“) used surfaces which were characterized 


160 
(111) (111) 
I] 
011) | I] 
(012) 
(113) IV 
112 IV 
122) 
(133) 
4 
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as “polished,” but no other specifications were given. [No]}cu 
In some cases specimens were used from which the + - : 
oxide had been removed by heating in a high vacuum. 
The orientations seem to be in good agreement with 
those found here. 
Menzel”) carried out oxidations at 450°C and 
50-mm pressure, followed by a high-vacuum heat 
treatment, for surfaces which had received a variety 
of preparations, including application of various 
etchants, electropolishing, and high-temperature—high- 


vacuum treatment. The results obtained are in fA) (O01) Cu 


general agreement with those of this paper if con- C¥,0 foot) 332] cv 


sideration is made of the various facets developed 

by the different methods of surface preparation. ° +e 
Consideration of the data of Table 2 reveals that 

the only relationship present in all cases is that of at 

least one pair of [110] directions being parallel in 0 

metal and oxide. The [110] directions are the ones 

of greatest density in both the metal and oxide. 

Since this one condition does not completely define = 

the oxide orientation with respect to a given sub- 

strate face, one or more other conditions must be 

important for determining the complete oxide 

orientation. (B) 
It is necessary to consider the fitting of the oxide 

lattice on the metal substrate, and to determine 

whether small misfit for a given direction or for two 

directions is controlling the orientation. There are 

two ways of considering this. The first considers the 

misfit between oxygen positions in the oxide and the 

most probable adsorption sites on the copper surface, 

and the second considers the matching of copper 

positions in the oxide with those in the substrate. 

Consideration of the first of these indicates that a 

good match or fit for oxygen ions on the adsorption 

sites on the metal surface is not necessary for oriented 

growth of the oxide film. 
If the copper-ion positions of the oxide planes are 

superimposed on the copper positions of the substrate 

faces, as in Fig. 7, according to the orientations of 

Table 2, it is seen that a misfit of 18°, is present in 

at least one [110] direction in each case. The misfit 

here is defined as b/a 1, where } and a are the 

distances between lattice points for the oxide and 


metal respectively in a given direction for which 


the misfit is being determined. From Fig. 7 it is 
seen that the matching of the two lattices is good for 
oxide on the (111) and (011) planes of copper (the e ® 
misfit is 18°, in any direction on the surface). For 

oxide on the (001) and (113) planes of copper, the (D) (HO) Cy 
matching of lattices is not so good, but there is present 
7. Positions of 


a striking near-coincidence of the rows of closest- atoms 


packed Cu ions of the oxide with the closest-packed indicated. 


161 
- »Cy 
6 
2 
4 
+ 
+ 
of the substrat ewed nor t face 


162 ACTA 


of the face. Table 3 lists the misfits 


between the closest-packed rows of atoms and ions 


rows metal 
in the interface plane for seven substrate faces. The 
misfit here is defined as above, except that B and A 
are the perpendicular distances between closest- 
packed rows in the oxide-metal interface. 
Table 3 it 

closest-packed rows for oxide on the (OO1) is only + a BO 
and for oxide on the (113) it has the exceptionally 


small value of 0.5°,. These small misfits are apparently 


From is seen that this misfit between 


the determining factor in fixing the oxide orientation 
on these two planes. 
small 


Table 3 that a 


misfit between rows in the interface plane cannot 


It is also apparent from 


be the deciding factor for oxide on the (112) and 
(122 
composed of steps of (111) and (113) faces, the (122) 
and (133) of (111) and (011) faces. 
of the oxide on these faces seems to be controlled by 


these steps, specifically the (113) for the (112) face 


planes. The (112) face can be considered as 


The orientation 


and the (111) for the (122) and (133) faces. 


SUMMARY 
The composition and structure of oxide films on 
single crystals of copper were studied for eight 
different X-ray 
techniques. The effects of crystal face, temperature, 


crystal faces, using diffraction 


pressure, oxide thickness, and contaminants were 


studied, using carefully prepared electropolished 


specimens. 


Studies between 170° and 450°C showed that 


Cu,O was the major oxide which was formed on all 


faces initially. CuO formed above a certain minimum 
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oxide thickness, the value of which depended on 
crystal face and temperature. 

The type of orientation (i.e., the major face of the 
oxide tending to be parallel to a particular substrate 
face) did not vary with temperature, pressure, or 
oxide thickness, but did vary with crystal face. 

The degree of orientation varied with all the above 
variables. It was essentially constant (for a given 


thickness) with change in 


but below this, the 


face and given oxide 
pressure above 200 mm of Hg; 
degree of orientation increased markedly with de- 
creasing pressure for all faces and at all temperatures 
studied. The degree of orientation of the oxide 
increased with increasing temperature in all cases, 
the amount of the increase being greater for oxidation 
at atmospheric pressure and large oxide thicknesses. 

Oxide films formed at atmospheric pressure were 
highly oriented for the first 500 to 600 A, but became 
increasing thickness above this. 


disoriented with 


Oxide films formed at pressures from 0.8 to 25 mm 
of Hg were highly oriented for all thicknesses up to 
3000 to 5000 A. 

Contaminants in general caused a marked decrease 
in the amount of orientation of the oxide. 

Four different classes of epitaxial relationships 
were found for Cu,O on the eight crystal faces studied. 
The controlling factors in determining these orienta- 
tions can be summarized as follows: 

1. At least one pair of [110] directions (the closest- 
packed directions for both Cu and Cu,O) must be 
This 18% 


2. For low-index planes, a good fit (small misfit) 


parallel. gives misfit in one direction. 


between closely-packed rows of atoms is more 


TABLE 3. 


Orientation 


class 


Il (D) 

It (D) 
III (£’, 

IV (F) 


IV 


III 


Distance between closest-packed parallel . 
Misfit 
rows of Cu atoms in boundary plane 


(in A) 
Cu,O (B) 


2.61 


6.25 


12.50 (2A) 


18.75 (3A) 


Crystal Parallel 
: 
plane plane 
Cu A 
2 (% ) 
Cu (A) 
00] 111) [ (A, B, C, 0’) 2.55 | | 2 
11] 11] II (D), Ill (£) 2.21 2.61 Is 
Ol] Ol] 3.61 4.25 18 
012 O12) 4.03 4.75 18 
O12 O12 3.29 3.88 Is 
113) 110) 4.23 4.25 0.5 
112) 441) | 
17.27 38 
8 
(122) (474) pe 7.65 18.78 
15.31 (2A) 23 
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important than the requirement of parallelism of 


densely-packed planes. 
(110)Cu,O//(113)Cu. 
3. For high-index planes such as the (122) and 


This is illustrated by the 


(133), the amount of misfit in the interface plane is 
The 
the steps of which the face is composed, i.e., by the 
If there is a 
choice between (110) and (111) planes as the deter- 


not important. orientation is determined by 


major faces near the high-index face. 


mining plane, the (111) seems most likely; and of 


the two orientations directed by the (111) plane, the 
non-parallel orientation seems to be the preferred 
one, 

In general, CuO, when present, was polycrystalline 
and completely disoriented. 

Consideration of these results in terms of the rates 
of oxidation on different crystal faces reveals one 
interesting correlation. Although the rates of oxidation 
of the (001) and (111) faces are considerably different, 
both faces have (111) planes of the oxide parallel to 
them. There are, however, four energetically equiva- 
lent orientations on the (001), 
only two on the (111). Oxide on the (001) therefore 


whereas there are 


shows more grain boundaries and the possibility of 


The 


only 


through the oxide. slow- 


(113) 


diffusion 
(O11) 


enhanced 


oxidizing and faces show one 


THE 
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orientation of the oxide. This may partially account 
for the large rate differences between different crystal 


faces. 
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THE TEMPERATURE DEPENDENCE OF THE ELASTIC CONSTANTS OF 
GOLD-CADMIUM ALLOYS* 


STANLEY ZIRINSKYt 


The temperature dependence of the dynamic elastic constants (Moduli of Compliance, S,,, S,., and 
44) of body-centered cubic Au-Cd alloys that undergo diffusionless phase change, has been determined 
as a function of composition variation within the beta phase, and heat treatment prior to measurement. 
The results are consistent by comparison with compressibility calculations and data available for an 
isomorphous material, beta brass. Derived quantities are similarly comparable. The abnormally high 
elastic shear anisotropy, 2(S,, Sjo)/Sq,, increasing with decreasing temperature, leads to the con- 
sideration of an elastic shear anisotropy criterion for diffusionless transformation of body centered 
cubic beta-phase alloys. 47.5 at. per cent Cd alloys water-quenched from 500°C and 550°C vield elastic 
constant data and a diffusionless transformation temperature consistent with that for a 50 at. per cent 
Cd alloy An interpretation of the latter phenomena is offered, based upon the elastic interaction of 


quenched-in vacancies with neighboring metal ions. 


L°INFLUENCE DE LA TEMPERATURE SUR LES CONSTANTES ELASTIQUES 
D’ALLIAGES OR-CADMIUM 


La dépendance thermique des constantes d’élasticité dynamique (“‘moduli of compliance” S 


11° 12° 
S,,) des alliages or-cadmium (cubiques centrés) au cours dune modification de phase s’effectuant sans 
diffusion, a été déterminée en fonction de la variation de composition en phase > et du traitement 
thermique antérieur a la mesure. 

Les résultats sont en accord avec les caleuls de compressibilité et les données connues pour un 
matériau isomorphe, le laiton /. 

Une comparaison similaire peut étre effectuée pour des grandeurs dérivées. 

L’anisotropie de cisaillement 2(S,, S,.)/S,, anormalement élevée et augmentant lorsque la tem- 
pérature décroit, conduit & considérer un critére d’anisotropie de cisaillement pour la transformation 
sans diffusion des alliages cubiques centrés a phase /. 

Les alliages & pourcentage atomique de 47,5 de cadmium, trempés a l'eau a partir de 500—-550°C 
résentent des constantes élastiques et une température de transformation (sans diffusion) en accord 
I 
avec celles d’°un méme alliage a 50° de cadmium. 

Une interprétation de ces derniers phénomeénes est proposée sur la base de interaction élastique des 


lacunes conservées par trempe et des ions métalliques voisins. 


DIE TEMPERATURABHANGIGKEIT DER ELASTISCHEN KONSTANTEN VON 
GOLD-CADMIUM-LEGIERUNGEN 
n kubisch-raumzentrierten Au-Cd-Legierungen, die einer diffusionslosen Phasenumwandlung unter 
wurde die Temperaturabhangigkeit der dynamischen elastischen Konstanten (Elastizitats 
koeffizienten S,,, Sy, Sy,) als Funktion der Zusammensetzung im Bereich der Betaphase und in 
Abhangigkeit der vor der Messung vorgenommenen Warmebehandlung bestimmt. Die Ergebnisse sind 
konsistent im Vergleich mit Berechnungen der Kompressibilitat und vorhandenen Daten fiir ein iso 
morphes Material (Beta-Messing). Abgeleitete Gréssen sind in ahnlicher Weise vergleichbar. Die 
abnormal grosse elastische Schub-Anisotropie, 2(S,, Sio)/S,,, die mit abnehmender Temperatur 
zunimmt, fiihrt zu Betrachtungen iiber ein auf der elastischen Schub-Anisotropie beruhendes Kriterium 
fiir die diffusionslose Umwandlung von Legierungen mit kubisch-raumzentrierter Beta-Phase. Von 
500°C und 550°C in Wasser abgeschreckte Legierungen mit 47,5 Atom-Prozent Cd weisen Werte der 
elastischen Konstanten und eine Temperatur der diffusionslosen Umwandlung auf, die mit denjenigen 
gierung mit 50 Atom-Prozent Cd iibereinstimmen. Diese zuletzt genannten Erscheinungen 
] 


werden auf Grund der elastischen Wechselwirkung eingefrorener Leerstellen mit benachbarten 


fiir eine Le 


Metallionen interpretiert. 


INTRODUCTION range below that for completion of ordering, the 


Interest in the elastic properties of body-centered positive temperature dependence of Young’s modulus 


cubic allovs has arisen from the results obtained for for most orientations was inverse to that considered 


beta brass, which were obtained for the purpose of normal for other cubic materials not undergoing any 


studving the influence of order-disorder changes transitions. 


upon 


The shear anisotropy, 2(S,, 
the elastic properties. In the temperature at room temperature’ *) was shown to be higher 


— than that determined for any other cubic material. 


* Received April 15, 1955; in revised form, July 18, 1955. The unusually high value for the body-centered cubic 
Special Defense Projects Dept., General Electric ompany, 


(110) [110] shear compliance modulus 2(S 


ACTA 
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for beta brass and its positive temperature co- 
efficient,“ was interpreted in terms of the com- 
bination of the body-centered cubic structure and 
shell An 


would be the zero resistance to a face diagonal shear 
balls 


closed ions. analogous physical model 


of hard packed in a body-centered cubic 


structure. 


199 and 


The positive temperature coefficient’ of 
E449 Was shown to result from the contribution of the 
face diagonal shear compliance modulus, 2(S,, — S,,). 
E,,, has a 
result of similar temperature coefficients for S,, and 
28,0). 


embodied 


negative temperature coefficient as a 


the compressibility, 3(S,, 
Zener in a 


proposed mechanism for diffusionless transformation 


These results were by 


in materials body-centered cubic in their high- 
temperature phase. The phase change occurred upon 
cooling as a result of change in relative phase stability, 
which can be derived as a result of the lowering of the 
(110)[110] shear compliance modulus with decrease 
These led to the 


discovery of a low-temperature diffusionless trans- 


in temperature. considerations 
formation in lithium and Li-Mg alloys." 
beta 50-50 at. 
is highly anisotropic, the body-centered cubic phase 
Beta-phase Au-Cd 


alloys are isomorphous to beta brass and do undergo 


Though brass (around per cent) 


is retained at all temperatures.® 


diffusionless transformation. These alloys are con- 
venient for study, because they transform close to 
room temperature, are reversible with little hysteresis, 
and no decomposition products are formed.” 


EXPERIMENTAL PROCEDURE 


A. Crystal Preparation 


Ingots of 47.5 at. per cent Cd-Au and 50.0 at. per 


cent Cd-Au were prepared by melting accurately 
weighed quantities of 99.99 per cent Au (supplied 
by Baker and Co.) and 99.99 per cent Cd (supplied 
by N. J. Zine Co.) in evacuated, sealed-off, uncoated 
clear fused quartz tubes. The high vapor pressure 
of the Cd the 


Composition 


necessitated use of sealed-off tubes. 
observing 


Single 


control was insured by 
weight losses after each melting operation. 
crystals of arbitrary and controlled orientation were 
grown from ingot sections, also in quartz, using a 
modified Bridgman technique.) The combination 
of a sharp temperature gradient and narrow liquidus 
region for the beta alloys favored crystals with little 
The 
of the cube axis with reference to the crystal cylin- 


obtaining back- 


segregation and good structures. orientations 


drical axis were determined by 


reflection Laue patterns and mapping stereographic- 
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ally with the aid of a Greninger chart and Wulff 


net.' 
Seeded crystals were grown with their cylindrical 
axis parall led to the following three principal cube 


[110], [11] The 


the desired zone axis in the seed (which the 


directions: [100}. angle between 


crystal 
will follow), and the seed cylindrical 


to be grown 


axIs, the ingot 
above it. A 
tube plus propel rotational positioning of the 
fulfilled the The 


placed in the furnace so that the ingot 


positioned the seed with regard to 


single bend in the container quartz 
seed 
tubing Was 


and 


vielded 


above requirement 
only 
part of the seed melted, and then lowering 
the desired results. Crystals obtained were within 
A draw 
this procedure is the possibility of obtaining pro 
to the solid- 


Ordinarily, 


! to 2° of the orientations desired back t 


structures due wide 


the 


nounced lineage 


liquid interface at melting zone 


crystals are grown from a sharp tip to suppress 
multiple nucleation.) This can be avoided by placing 
a narrow restriction in the 
the The 


then annealed for 100 hours at 


containing vessel just 


above interface as-grown crystals were 


helow he 


590°C. 20 


melting-point, and then furnace-cooled 


B. Method oO} Measurement 


The composite oscillator as originated by Quimby"? 
Zacharias") was 


Determinations 


and modified by used to obtain 


the dynamic elastic constants 
Young’s modulus for right-cirecular evlindrical sing 


crystal specimens were obtained in longitu 


oscillation, using Straubel cut-quartz drive 


dity moduli of the same crystals wert 


with \ 


elec trodes 


using torsional oscillation 


circular cylinders 


ment, as Giebe and Schie 


devised by 


modified to allow the use of the same du 


mount as that for the Straubel drivers 
The circuits used were adapted from tl 


22 \ 


23 provided i stable vai 


mended by previous investigators 
type oscillat I 
fol 


circuits 


| 


oscillator driving the composit 


Auxiliary allowed for resonance 
ments by means of impedance variation and 


determination audk 


investigation 


frequency using an 


technique indicates the circuits used 


A six-position vertical mount was used 


composite oscillators, this being surrounde by 


a -in.-wall copper tube, and above it indepen 


dently controlled-resistance wound hea 
Cromel-Alumel 


couple adjacent to the mount. this being previ 


tures were measured by a therm 


JUST) 


¥ 
“2 
O 
( 
Rig 
rm 
Phe qu rt rl ‘ 
I (it 
the 
I 
( 
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Voltage divider 


2200K 
To first 
buffer 
S6K amplifier 


Amplifier and frequency mixing circuit 


To F.M. system 
c.O. system 


From voltage 
divider of 
oscillatron circuit 


1s0g 


From plate 0:00! amplifier 
6AC7 


FM. 


5K 


Cathode 
follower 


100K 


circuit 
frequency measurement circuit, 


(a) Oscillator circuit and frequency mixing 
legend: F.M. 
} quartz-specimen composite 

voltmeter, 


ray oscilloscope. 


vacuum-tube 
cathode- 


Fig. 1. 


calibrated by dummy specimens having thermocouples 
placed in the positions of the composite 
this 


welded 
assembly 
tube 


oscillators Surrounding 
4-in. 


and 


Was an 
both 


within, 


enclosed diameter Pyrex providing 


evacuation argon-atmosphere control 


the entire assembly suspended vertically in a re- 
wound-tube furnace. 
Thermal data 


mentally both by X-ray technique and fused-quartz 


sistance 


expansion were obtained experi- 


dilatometer. The former involved the determination 
lattice 
data 


back-reflection 


+ 


of isotherms of parameter as a function of 


composition. These were obtained using a 


modified Laue technique, whereby 


a particular plane reflection yielding a very large 


was selected and the interplanar distance 
Excellent the 
obtained. parameters 


Bragg angle 


agreement between two 
The lattice 


non-destructive 


measured. 
methods was 


were also used for composition 
analysis of the specimens. 

Suitable bonding of the quartz and specimen was 
obtained with the use of mixtures of silicone resins, 


properly cured and baked prior to measurement. 


oscillator, 
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Mixer circuit and oscillator calibration circuit 


01 lif 
amplifier To 6L7 


250K 


te 


“06 
low pass filter 
500~500 2 


L to 687 


(b) Mixer circuit and oscillator calibration circuit. 


Electronic circuit for composite oscillator system. 


RESULTS 
A. X-ray and Thermal Expansion Measurements 


(47.00 to 
dilatometric 


Within the composition range studied 
cent Cd), the 
thermal 


studies 
The dilato- 
using pure copper, 


50.25 at. per 


indicated a linear expansion. 
meter was checked by calibration, 
the data 


in the literature. 


obtained agreeing very well with values 


The linearity and values for thermal 
expansion also agreed fairly well with data obtained 
the X-ray lattice determination: 


using parameter 


TABLE l. 
function of composition for 


Coefficient of thermal expansion as a 


Au-Cd 


(units of) (units of) “ 
(10-#/°C) (10-®/°C) Lif 
ifference 
Dilatometer X-ray 


Specimen 


composition 


47.00 at. per cent Cd 
48.75 at. per cent Cd 
50.25 at. per cent Cd 


deter- 
Fig. 2 


The difference between these independent 


minations lies within the individual errors. 
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Estimated error: 
— for film measurement accuracy of 

0O-2mm (+0-1mm) 

Composition accuracy within 0:25 At%o 


Kx units 


Cubic phase lattice parameter 


Expansion coeff 
for 47:00% 

= 20:3 x 10°§ 
AYAY°C 


48 
Alloy composition 


Fic. 2. Variation of lattice parameter of cubic phase 
Cd-Au alloys for various temperatures (tungsten Lx, radiation 
reflected from (420) plane). 


shows the isothermal variation of lattice parameter 


with composition. 


B. Elastic Constants: 


The standard wave-velocity equation is used to 
determine the Young’s and free rigidity moduli 


respectively, 


(2/n pa L, Ly) 


Where p, and LZ, are the density and length at the 
temperatures of diffusionless transformation, L,, the 
length at the temperature of measurement, n the 
number of half-waves in the specimen, ¢ the average 
Poisson’s ratio, r the cross-sectional radius, f; » the 
measured resonant frequency for longitudinal and 
torsional oscillations, respectively. 

It may be pointed out that only crystals with 
symmetrical orientations were used for torsional 
measurements to avoid erroneous determinations 


due to the bending-torsion interaction.“ 


CONSTANTS 


) 


TABLE 2. Ten 
derived parame 


1-1 


The elastic constan 


to Young's and the ri 


where 


and 


YOT6 
9125 


9155 


9333 
9411 
9503 
9595 
YOSS 


YSN] 


YOO) 


OL] 


»2 


029 


SUS4 


and Sas 
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gidity modulus by 


1.032 
L.O38 
1.029 
1.026 
1.024 
1.026 
1.026 
1.023 
1.024 
1.02] 


OF Au-Cd 167 
perature dependence of elastic constants and 
| | | S L// L/G / 
200° 50 11.24 0.9024 2.363 446 
3,3300 52.5 11.15 0.9031 2.363 ».404 
21.0 10.99 2.364 
A 80 60 10.9] 0.902] 2.364 ».284 
460 65 10.76 365 210 
70 10.6] 0.9027 » LSet 
sv 10.35 O.9038 2.370 ».003 
oc 90 10.12 0.9058 2.376 S89 
100 9.892 0) 2.383 776 
40 | | 110 68] | 39] 1.67? 1.014 
> 120 9.481 2.40] t.572 
130 9.292 2.410 $478 1.011 
20 | BOS 140 9.122 2.420 1.393 1.012 
Expansion eff. | 160 S809 0) 2.440 +.236 
: for 50-25% =| 180 536 0 2.462 1.099 1.014 
| | 200 810 0) 485 L.OL6 
3,3200 Expansion coeff 220 L106 2.510 3.883 1.024 
240) 942 0 2.537 5.804 
260 785 2.564 3.722 1.024 
80 280 626 2 592 3.642 1.027 
320 1.005 2.650 3.509 L.04] 
60 + 340 7.280 | B80 3.464 L.O56 
360 7.234 | 2.709 3.438 
47 9 5 370 7.229 2.129 3.433 L.OS89 
DO at ne! ent Cd 
A 
32.0 5.863 O.S820 2.276 $.247 1.110 
37.5 8.747 O.SS28 2.279 189 1.109 
45 8.589 0.8842 2.283 114 1.109 
50 8.491 0.8851 2288 1060 111] 
60 8.311 O.887] 2.297 3.973 1.094 
70 8.148 O.S897 304 19 
7.999 O.8023 316 3.8 ] 
90 7 864 0.8954 > 295 as 
LOO 7.744 0 2.334 3.69] 1.084 
120 7.536 0 2.353 
7.039 0.9287 2 .43( O98 
n2 772 G2/2 200 6.908 0.9382 2.444 f 
E (1) 220 6.787 0.94388 ~.468 134 
2 240 6.676 0.9593 2.493 >. 
280 6.482 O.YS17 2.547 
1K 300 6.397 0.9937 2.574 
320 6.318 1.006 2.601 ) 17 
340 6.249 1.018 2 631 9) 1.270 
360 6.196 1.030 2.055 SS 
370 6.183 1.036 672 
ts, are related 
=S,, —2.S8F( 3 
L/G, S44 1S. 
| S S 
ll 12 2 i4 
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where the y's are the direction cosines of the specimen 


evlinder axis with respect to the crystallographic 


axes. The elastic moduli, C44, are related 


to the principal moduli of compliance by 


Simplicity of interpretation of relations (5) and (6) in 
of 


data is not easily apparent, but suitable combina- 


terms experimentally derived elastic-modulus 
tions of the principal elastic moduli are more useful 


as follows. 
(Sa) 
(6a) 


As previously indicated, equations (5a) and (7) are 
related to elastic shear moduli in the (110)[110] and 
(100)[010] plane and direction respectively, while 


equation (6a) is related to the compressibility. 
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Fic. 3. 
(a) Upper left and upper right 
(b) Lower left and lower right 
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The 


least-squares method for each temperature of measure- 


elastic-constant data, calculated by a 


as 
ment, from the individual specimens’, Young’s, and 
rigidity-modulus determinations, are presented along 
Table 2 


The percentage error for the 


with derived elastic parameters in and 
plotted in Figs. 3 to 5. 


elastic constants is estimated to be under 0.8%). 


Additional Modulus Measurements 

The data presented above are for annealed and 
slow-cooled material. The same 47.5 at. per cent Cd 
specimens were reannealed for five minutes in a 
salt-pot at 500°C, 550°C, and rapidly water-quenched. 
elastic-modulus measurements 
30°C to 100°C, 
bonds between the quartz drivers and specimens. 
of the 
obtained are presented in Table 4. 
to 
between 125°C to 150°C for a half-hour. The quenching 


Subsequent were 


obtained from using Duco cement 


Some elastic-modulus data subsequently 


The specimens 


reverted their normal behavior by annealing 


FUNCTION 


ORIENTATION 


dyne 


teciprocal Young’s and rigidity moduli versus the cubic orientation function of beta Au-Cd alloys: 
50 at. per cent Cd-Au alloys. 
47.5 at per cent Cd-Au alloys. 


These are the reciprocal moduli calculated from equations (3) and (4) where FE, G, are obtained from the experi- 
mental frequency data using equations (1) and (2), and orientation function as determined experimentally from 


the cry stal orientation determination. 


|_| 
L/S 4, (4) 
\ 
NS 
N Q A 
\ 
\ 
\ 
° 
360°\ 20d 360°\ 22d IO 
2 4 10 2 4 A 
360 220 140° 80 ¥ 30° 360° 220° 160° 100° 50° 
tht 
oL f ff 2b 
Yes Yi, 


ZIRINSKY: 


A 


ns 


47-5 At% Cd 
\° 50 At% Cd 
S; 


nN 
nm 


8 47-5 Cd 
© 50 At% Cd 


120 240 360 
Temperature °C 


Thod 


Modulii of compliance 10 “cm*/dyne 


120 240 360 
Temperature °C 


At% Cd 


n 47:5 Cd 50 At% Cd 


© 50 At%o Cd 


120 240 369 
Temperature °C 


120 240 360 
Temperature —> °C 
Fic. 4. Measured and derived elastic parameters of beta 
Au-Cd alloys. Ajj99, and A,,,,) represent the Poisson’s ratio 
for the indicated, single crystal axial orientations. 
effect was found to be reproducible with subsequent 
similar heat treatments. 


DISCUSSION 


The temperature variation of some of the elastic 


Zener) 


has shown that for this type of alloy, a linear increase 


parameters parallel that for beta brass.‘ 


with temperature is to be expected for S,, and &. 
No immediate explanation is available for the slight 
deviations present at temperatures in the proximity 
of the transformation. Lattice parameter measure- 
ments indicated no anomalous change in this region. 

The the 


estimated by comparison: 


reliability of compressibility data is 
(1) with beta-brass data, 
determined as in this investigation, (2) a calculation 
data 


determination upon Au-Cd has been made). 


direct 
Bridg- 


man has attempted the prediction of compressibilities 
(19) 


based upon determined directly (no 


based upon the following relationship. 
‘at. vol. B- ky, 
-at. vol. B 


vol. A - n 
(5) 
ow m-at. vol. A +n 


k,, kp, = compressibility of indicated component; 


ELASTIC 
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169 


at. vol. A, B atomic volume of the indicated 


component 


Bridgman used the above values as obtained experi- 
mentally for the free state in using equation (8). 
Very the 
lated compressibilities as compared to the experi- 
Weibke(@® 


used Bridgman’s relation, but made certain assumptions 


poor correlation was obtained for calcu- 


mentally determined compressibilities 


concerning changes in the compressibilities and 
atomic volumes of the components in the combined 
state. Excellent correlation between compressibilities 
calculated by Weibke and those determined experi- 
Similar 


for Au-Cd alloys were then obtained, using values 


mentally was then obtained. calculations 
published by Weibke. The results in Table 3 indicate 
the data to be reliable within the order of magnitude 
This 


indication of the absolute reliability of the elastic 


of error of the experimental data. is also an 
modulus determination. 
the 
different systems is simplified by the use of dimension- 
111/£ 199 and A 14° 


These are indicative of the elastic anisotropy of the 


Comparison of elastic properties between 


less ratios such as 100 S 


15 


475At% Cd 
° 50 At% Cd 


i 4 
120 Ig0 240 
TEMPERATURE (°C) 


300 


Dimensionless ratios of elastic params 
of Au-Cd alloys. 


12 
x 
5 10 
fe) S44 | 
| 
S| Ve | | 
; k 
12 
ne) 
049 
— 0-4 
B09 re 
fe) 
0-41 | 
07 
w 037 | 
| 
03 
1956 A= 2G 
\ 
\ | 
E 100% \ 
A=2 
Ey 
E190 
7 : 
5 


ACTA METALLURGICA, 


TABLE 3. Calculated and experimentally determined 
compressibilities (units of 10-!* em?/dyne) 


Per cent 
dif- 


ference 


Experi- 
mental 


Equation 
(S) 


0.948 


0.913 


CuZn'"4 

CuZn"4 

55 at. per cent 
CuZn"! 

52 at. per cent 
CuZn' 

47.5 at. per 
cent CdAu 

50 at. per cent 


CdAu 


0.927 


0.86] 


material. of Table 4 shows that for 


the lowest temperature of measurement of elastic 


Examination 


properties of beta brass. which does not go through 
a diffusionless transformation, the degree of elastic 
anisotropy does not reach that obtained for Au-Cd 
This 


gives rise to the possibility of pronounced elastic 


alloys at their intervals of transformation. 


anisotropy as a principal criterion for structural 
instability resulting in diffusionless transformation 
This 


does not necessarily imply a particular mechanism 


for body-centered cubic materials. argument 
for transformation. 

As discussed previously, Zener‘ has explained 
the (110)[110] 


interatomic 


the low value for shear modulus. 


Fuchs(@® 
exchange forces. and calculated their effect on the 
The shells 


result in a negative contribution to the shear constant, 


considered electrostatic and 


cubic elastic constants. closed ion will 


compensating somewhat for the positive electrostatic 


contribution, with a result that all beta-type alloys 


VOL. 4, 1956 
with closed inner shells should have unusually low 
body-centered cubic-face diagonal-shear moduli. 
Jones?” has quantitatively shown, for the case 
of beta brass, that its (110)[110] shear modulus is 
positive as a result of the stabilizing influence of a 
positive-energy contribution due to the interaction 
between the Fermi energy of the valence electrons 
and the first (110) Brillouin zone. His stabilization 
criterion can be applied for a comparison of the 
transformation the Cu-Zn 
Au-Cd alloys as a function of composition within the 


characteristics of and 
beta-phase region. Similar data for other isomorphous 
alloys in the periodic subgroups Ib and IIb are not 
available. 

Comparison of (1) with (2) and (3) with (4) shows 
that a lower electron/atom ratio yields a greater 

With a 
Fermi 
lowered, the 
contribution to the (110)[110] shear modulus, causing 
its to 
differences in 
parameter are not easily interpretable, because both 


transformation. lower 
the 


lessening 


tendency toward 


electron density, energy is 


(18) 


valence 


thereby positive-energy 


value be lowered. Arguments based upon 


behavior due to changes in lattice 
the Fermi and Brillouin-zone energy vary 
as the reciprocal of the lattice parameter squared. 


The data for quenched 47.5 at. per cent Cd show 


energy 


that, with lowering of the temperature of trans- 
formation, similar to 
that for the 50 at. No direct 
explanation for the cause of this behavior is as yet 


elastic moduli are obtained 


per cent Cd alloy. 


available. Arguments based upon a possible sup- 


pression of ordering by the quench are untenable, 


the reverse of the 


Metallographic and 


because these would require 


modulus changes observed.“° 
X-ray investigations covering the range from 47 to 


4. Comparison of elastic properties of beta brass and gold-cadmium alloys 


Jeta brass 


Rhinehart"! Artman'! 


Units of EB 108 


dynes/em?*. 


+ Rhinehart’s E,,,/E49, does not compare favorably with those of Lazarus and Artman. 


47.5 at. per cent Cd-Aut “ 
oU at. per cent 
Cd-Aut 


annealed 


Quenched 
from 550°C 


Quenched 
Annealed from 500° 
50 28 
11.1 

O.890 


12.5 


14.1 


His temperature dependence checks 


favorably, so his low-temperature data can be used for low-temperature extrapolation of the other data. 


* Temperatures for Au-Cd are those prior to transformation. 


170 
1s, +2) i 
0.938 1.0 
0.942 2.0 
| 0.924 0.3 
0.808 6.3 
1.03 0.998 5.0 
1.1] 1.02 8.5 
TABLE 
Lazarus'2 
R.T. RT. 30 
E,,,* 20.0 21.1 18.2 _ 11.3 
E5,* 2.84 2.58 2.44 LO 1.12 
E,,,/E, 7.04 8.17 7.45 = 10.5 10.1 10.1 
= 2 8.47 8.93 _ 12.0 11.6 11.6 
44 
200 200 200 
E...* 22.0 23.3 23.2 
2.70 2.45 2.32 
E, 8.15 9.50 8.55 
10.0 10.4 


ZIRINSKY: ELASTIC 


Comparison of the transformation characteristics 
of the Cu-Zn and Au-Cd systems 


TABLE 5. 


Transformation 
temperature 


Transformation 
product 


Atomic 


Svstem 
comp. 


(1) Cu-Zn None None 
Face-centered 
tetragonal 


(revers.) 


Cu-Zn* | 62. , 14 


(2) 


50% Cd Face-centered 
tetragonal 


(revers.) 


Orthorhombic 
(rey ersible) 


(4) Au-Cd 


* Homogeneous beta is retained at low temperatures only 
by rapid quenching from 900°C, 


50 at. per cent Cd have not revealed the presence of 
an additional phase. 

A possible alternative explanation for the anomalous 
data for quenched 47.5 at. per cent Cd alloys in 
Table 4 would 


presence of a non-equilibrium vacancy concentration 


be to consider the influence of the 


obtained during the quenching operation. Indirect 
physical evidence for the presence of vacancies is 
indicated by a very rapid relaxation of the abnormal 
to normal behavior at around 100°C. 
X-ray measurements upon similar alloys undergoing 


by J. Intrater of 


behavior 


similar quenching treatments, 
tutgers University (results to be published), have 
also been interpreted in terms of the quenching in of 
a non-equilibrium vacancy concentration. 

An the 
equilibrium concentration of vacancies for Au-Cd is 
but other 


accurate estimate of high-temperature 


for materials 


10-49, 9% to as high 


not available, estimates 
have been given, ranging from 
as 0.4°,,). An interpretation of the elastic inter- 


actions can be made whereby the vacancies take 


on the properties of cadmium ions, because it would 


be expected that the mutual repulsion due to ion 


overlap, from the ions neighboring the vacancy, 
would compress the vacancies to a smaller volume 
than that for the 
Since it is well established that doubly-charged ions 
21) then the 
This will 


direction 


available either of metal ions. 


are smaller than singly-charged ions, 
cadmium-ions properties are assumed. 
yield elastic property changes in the 
indicated experimentally. 

This admittedly very rough picture has its obvious 


faults, such as the wide discrepancy in estimated 
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vacancy concentration versus the actual apparent 
composition shift indicated experimentally, and that 
the excessive distortion of the ion shells around a 
vacancy could conceivably either increase the 1On- 
exchange repulsion or yield a positive effect due to 


positive quadrupole interactions 
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STRUCTURAL RELATIONSHIPS BETWEEN INTERMETALLIC COMPOUNDS* 


P. J. BLACKT 


Structural features of aluminum-rich transition metal compounds are correlated and classified. They 
all possess, in common with structures invol 


lectronegative atoms aroun 


ving other elements of groups IIIB and IVB, a polyhedral 
grouping of e transition metal atoms, but they have a distinctive place in a 
broader scheme of compounds, because the polyhedra are 9- or 10-fold instead of 8-fold. The linking 
of such polyhedra gives a three-dimensional pattern which can be built up from characteristic plane 
tf of The 


co-ordination of transition metal atoms is not controlled by size factors alone, and in the aluminum-rich 


patterns, so that structures can be simply described in terms « sequences these patterns. 


structures it shows a trend from ten neighbors for manganese to eight for nickel and copper. 


RELATIONS STRUCTURALES ENTRE COMPOSES INTERMETALLIQUES 

Les caractéres structuraux des composés de métaux de transition riches en aluminium sont comparés 
et classés. Ils presentent tous, a cdoté de structures comprenant d’autres éléments des groupes LIITB et 
IVB, un groupement polyédrique d’atomes électronégatifs autour des atomes du métal de transition, 
mais ils occupent une place différente dans une classification plus large des composés, car ces polyédres 
sont d’ordre 9 ou 10 au lieu d’ordre 8. 

L’assemblage de tels polyédres conduit a un réseau tridimensionnel qui peut étre construit a partir 
de réseaux plans caractéristiques, si bien que ces structures peuvent étre simplement décrites comme 


une séquence de tels réseaux plans. 


le facteur de taille 


seulement et pour les structures riches en aluminium et elle montre une évolution de 10 voisins pour le 


La coordination des atomes de transition n’est pas uniquement contrdlée par 


manganese vers 8 pour le nickel et le cuivre. 


STRUKTURELLE BEZIEHUNGEN ZWISCHEN INTERMETALLISCHEN VERBINDUNGEN 


Ubergangsmetallen werden 
Struk- 


Elemente der Gruppen IIIB und IVB beteiligt sind, eine durch Polyeder zu 


Strukturelle Erscheinungen an aluminiumreichen Verbindungen von 


miteinander in Beziehung gebracht und klassifiziert. Alle diese Verbindungen zeigen ebenso wie 
turen, bei denen andere 
beschreibende Gruppierung der elektronegativen Atome um die Ubergangsmetallatome herum. Sie 
ganz bestimmte Stellung innerhalb einer umfassenderen Ordnung der Verbindung 
Durch 


Aneinanderfiigen derartiger Polyeder ergibt sich eine dreidimensionale Anordnung, die aus charakteristis- 


nehmen jedoch eine 
insofern ein, als ihnen neun- oder zehnflachige Polyeder entsprechen statt achtflachiger. 
chen ebenen Mustern aufgebaut werden kann. Die Strukturen kénnen somit einfach durch die Aufeinan- 
d solcher Muste1 
all h die 


Gang von zehn Nachbarn bei Magnesium, zu acht Nachbarn bei Nickel und Kupfer. 


rfolge beschrieben werden. Die Koordination der Ubergangsmetallatome wird nicht 


ein dur Gidssenverhaltnisse bestimmt; sie bei den aluminiumreichen Strukturen einen 


zeigt 


INTRODUCTION or ionic, and that this fact, together with the varying 


For many classes of compounds, the geometrical size factors involved, accounts for their diversity and 


features of different structures can be correlated and 
explained by means of rules which have an established 
theoretical basis. 


nowever, 


Amongst intermetallic compounds, 
there is little clarity or simplicity. 
between two main groups of electron compounds and 
normal valency compounds, each of which groups is 
characterized by a few relatively simple structures 
adopted by many different compounds, is found a 
large number of compounds with many different and 
often complicated structures for which there is little 
or no theoretical explanation. It is generally supposed 
that such compounds represent a type of binding 


intermediate between the metallic and the homopolar 


11, 


1955. 


zaboratory, 


ived August 

Crystallographic | 
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r 


complexity (see, e.g., Hume-Rothery and Raynor"). 

The primary aim of this paper is to consider the 
structures of Al-rich compounds of the transition 
Mn to Ni. 


comprehensive theory of their formation it is necessary 


metals from As a preliminary to any 


to compare and correlate the known features of their 


structures and to attempt to build an empirical 


As soon as some 
it of 
interest to examine other types of compound with 


scheme to relate or classify them. 


progress has been made in this direction, is 


respect to this scheme. 
of 


elements? 


For this reason, compounds 


metals with other electronegative 


of the 


negative elements, will also be considered. 


transition 


and noble metals with electro- 


The second section of this paper will consist of a 


. This term is used in this paper to denote Al and elements 


of groups IIIB and IVB. 
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Fic. 1. Five-connected square-triangle arrays: 
(a) Suecessive (full lines and 
(1011) type of a close-packed hexagonal structure. They ar 
not quite flat in the structure. 
(b) Al 0 in CuAl,(). 
layer. 


broken lines) layers of the 


atoms at This is an A-type 
systematic description of structures which hitherto 
have not been considered (qua structures) in relation- 
ship to one another. This section will be concerned 
with the overall pattern of the structures, whilst the 
deal the 


prominent aspect of their first-order co-ordinations, 


third and fourth sections will with most 


BETWEEN 


INTERMETALLIC COMPOUNDS 

the polyhedral co-ordination of the transition-metal 
atoms. 

Al-rich 
their 


Previous discussions of the compounds 


concerned with Brillouin-zone 


the 


have been 


properties, electron absorption behavior of 
transition metals, and the peculiarities in interatomic 
1, 5) It 


indicated 


distances." 3; cannot be said that these 


features have any satisfactory general 
theory, so that, with the accumulation of structural 
data, it has become both possible and necessary to 
collect of the 


that such a theory must explain. 


and correlate some structural effects 


2. THE STRUCTURAL PATTERNS 
It is observed that in all of these compounds the 


T.M.* 


or 10 electronegative 


atoms are surrounded by polyhedra o1 8, 9, 


atoms. Two modes of 


CeO- 
The 


first is constructed with respect to the different modes 


metrical description will be considered here 
of linking of such polyhedra, the second in terms of 
the 


One might expect a priori that the Al-rich struc- 


patterns of planes of electronegative atoms 


tures would contain layers of Al atoms corresponding 
to some form of close packing of the Al atoms. If a 
condition is imposed that a sequence of these layers 
the T.M.’s 


be expected 


must build up suitable sites for then 


close-packed ((111) of f.c.c.) layers might 
the S— o1 


to give high—co-ordination sites, whilst, for 


9—co-ordinations, which are 


((100) of f.c.e. 


layers square arrays 
and b.c.c.) or a linking of squares and 
This can 


6) 


triangles (Fig. la) might be more suitabl 


be illustrated by the example of CuAl, (4-phase 
for which the plan of one cell in projection is shown 
in Fig. 2. The plan of Al atoms in one plane, which is 


Za 


(0) Al 
2) 
Oa 

IG. Plan in 

the CuAl,-6 structure 


Fic. 2 


are show) 


The abbreviation 


\Z / 
\ / \/ 7 
-¥- 
\/ 
(a) 
/ Sd 
* 
/ x / O O 
(4) (Oh 
€ * OX 
- ~~ 
O 
(4) 
AT z=O 
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shown in Fig. 1(b), may be described as a collapsed- 
square array.'”) Cu atoms are placed over the square 
the next 


translated by one-half of the face diagonal. 


and Al layer is the same pattern 


A layer 


called an 


gaps 


having the pattern of Fig. 1(b) may be 
A layer, and in CuAl, the A—A 
8-fold polyhedra for the (smaller) Cu atoms placed 
Table 1 is 


a list of structures which may be described by such 


A sequence forms 
between the squares of successive layers. 
sequences. In this table, a simple square array is 
called a B-type layer. Corresponding relationships 
between the unit cells of such structures can easily be 
explained and may be useful in considering unknown 
structures. 

The data of Table 1 will be discussed in the following 
paragraphs, in order to relate them to the polyhedral 
type of description. 

(i) In CuAl,, 8-fold polyhedra share faces, with 
their central Cu atoms in contact, to form continuous 
chains along the ¢ direction. In the a-b plane, each 
pair in contact has one edge in common (see Fig. 3a). 

(ii) PtPb, is the same as CuAl, with every other 
polyhedron centre along the ¢ direction vacant, so 
that Pt atoms are not in contact. 

(iii) d(AlFeSi) is a 
sections followed by 


succession of (a) CuAl,-type 
b) directly superposed A layers. 
The latter give cubic 8-fold gaps in which the Si atom 
is fitted, so that each Fe in the 8-fold gap of (a) also 


has two silicon neighbors.* 


* Some of the A-layer members may also be Si’s.% 


TABLE l. 
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(iv) PtSn, contains CuAl,-type layers of polyhedra, 
but these are separated in the ¢ direction and each 
layer shifted by a/2 with respect to its neighbors, so 
that there is no contact of Pt atoms. 

(v) CoGe, builds 8-fold polyhedra between the 
squares of A and (expanded) B layers and is a 
succession of CuAl, and CaF, type stacking. 

(vi) Both CaF, and Ni,Al, can be regarded as 
ordered vacancies. 
B,*° builds a 
9-fold polyhedron by the sequence of a square in B, 


CsCl-type arrangements with 


(vii) In Co,Al,, the sequence B-A 


a larger square in A (cf. CoGe,) and a single point of 
B, 45 


layers perpendicular to the ¢ axis, each of which is 


The unit cell can be divided into two identical 


a layer of polyhedra linked to share corners only in 
the layer (Fig. 3b), with a shift between successive 


layers so that polyhedra share edges between layers. 
(viii) In FeCu,Al,, the B—~A—B, ,*° sequence forms a 
layer of 9-fold polyhedra for Fe atoms in the same 


manner as in Co,Al,, but interleaved between such 
layers is a body-centred-cubie sequence of Al around 
Cu, with ordered vacancies on the Cu sites. 

(ix) The relationship for NiAl, is more tenuous. 
In Fig. 4(a), Ni atoms are placed in regular alternation 
in half of the triangular gaps between two A layers, 
and Al atoms in the square gaps. (If all the triangle 
gaps are filled, then Fig. 4(a) represents the Al,Th, 
structure in which Al is the small atom.) This gives 
Ni nine neighbors, but then the distances of Al(X) 
from its four neighbors are too short if the superposed 


Description of intermetallic compound structures in terms of stacking of plane nets 


Five-connected array of squares and triangles (Fig. 1b) 


Four-connected square array 
}—Translation by half a unit cell side. 
$5 Rotation of a net by 45 


11 


Sequence 


All sites 
with ordered vacant 


occupied 
(T.M.) sites 


with ordered vacant 


The last member 


half 


about origin, which precedes any translation if one 


T.M.) sites CaF, type) 


a face diagonal 
is also indicated 


Compounds 


NiAl,,'*) PdAl,,® (Th,Al,) 


2 


CuAl,-6,'° AgIn,,"”? 


Pt Pb,, 13 


FeSn,, CoSng,, MnSn,, RhSng, Al) 


FeGe,, RhPb,, PdPb,, AuPb, "4 

0-(AlFeSi) 

PtSn,, PdSn,, AuSn,‘6 

FeAl”), CoAl,“®) NiAl® 

Ni,Al,,‘*) Pd, Al,,'*) Ni,Ga,, Ni,In,, Pt,Ga,, Pt,In,, 

PtGa,, AuGa,, PtIn,, AulIn,, AuAl,," PtSn,, 
IrSn,,) CuAl,-6’'?! 

CoGe,, PdSn,, RhSn,,'*?? 

Co,Al,‘**) 


Fe( ‘Us AJ,, (25 CoCu,Al, 26 


of each sequence is identical with the first. 


\ bracket shows that this is a layer of T.M. or Cu atoms. Otherwise, the position of such atoms is not included. 


appear to be different, because the unit cell origins are not equivalent, so that the effect of a rotation is changed. 


A 
A 
B—_A—B B 
B 1 A B 
B—A—B}}* B* B 
These 
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Fic. 3. Illustrating the 
three different structures 
layers: 

(a) 8-fold polyhedra ol 
viewed along the ¢ axis 

b) 9-fold polyhedra of 
viewed along the ¢ axis 
FeCu,Al,. Wavy lines indicate the 
in the next layer in Co,Al, 

(c) 8-fold polyhedra of Al i 

ewed along the 6 axis Wav 
the next half-cell is linked 

Centres of polyhedra 
are all polyhedron edges 


Fic. 4. 
The NiAl, structur 


(a) Ideal plan of A 


layers. Ideal / para 


meters are marked and 
changes in these ind 
cated by ( ) and 
Movements in the 

plane are shown b 
arrows. Expansion along 


r then gives: 

(b) Plan in projectiorx 
down 6 axis (7.35 A) o 
NiAl,, with y parameters 
marked. Al neighbors of 


- y= 
one Ni atom are indi 
cated. (1) Al AT Y 


O * O >) 
O OC ox Or, 
/ 
{ / OC ((O) 1O ~ XO) 
O Af 
OPO SX 7 
LT 
) pe / 
O Q4 O) ONF 
(a) b) 
AH 
@ aR of linking polyhedra i 
ts relationship t 1 -ty pe 
© -J/ ~ CuAl, One-cell thickness 
1956 @ same 
©) Say Al, Half-a-cell-thickness 
nes show how the layer it 
\ \ 
\Y \\ 
\ 
(c) 
© 
Ome 
(+) @ | wal (4) A, 
\ ® 
ZC 
ef 
N O05 y=0'55 
©) 0:45 (2) Al AT y=0-95 
(a) (b) 


ACTA 


avers are in and if Ni(¥) is to be 


nuch closer to the A layer than Al(X). The adjust- 


contact, 
ments, of puckering the A layers and expanding in 
. direction. are indicated in Fig. 4(a), and give 
The Ni co-ordination 


2.72 A 


the 
the observed structure of 4(b). 
is then effectively 8, as one neighbor is at 2 
2.42-2.52 A for the 
The polyhedra share faces (if the ninth neighbor is 


but Ni 
their 


compared with other eight. 


included), atoms are not in contact across 


these faces: arrangement is illustrated in 


» 
2(C). 


Fig. 
All of the above structures have 8- or 9-fold poly- 


T.M. The 


indicate that the linking of such polvhedra is based 


hedra_ for atoms. diagrams of Fig. 3 


on the linking of A layer squares; this can be com- 
pared with the linking of chains in the fibrous zeo- 


lites.°7) For 10-fold polyhedra, the system of Table 1 


does not apply, but a description in terms of close- 
packed layers may be useful. Two examples will be 
considered. 

The first is FeAl,, for which the features of interest 
here have been discussed elsewhere.’ The structure 


consists of misoriented close-packed regions with 


regions of misfit between them which allow the iron 


atoms as members of the close-packed layers to have 


only ten instead of twelve neighbors, whilst iron 


atoms placed between these regions have nine 


neighbors. 

For Co,Al,,8) Fig. 
projection down the ¢ axis, of atoms with z para- 
meters between (but not equal to) 0 and 4. This is 
center of the 


5(a) shows the pattern in 


repeated with an inversion about the 


cell to give the atoms in the other half of the cell. 
It can be seen that the lavel is a close-packed one, 


split at Y to fit in cobalt atoms: the effect is shown 


in a schematic view of one cell along a J11.0] direction 
5(b) The displaced parts of adjacent close- 


packed layers form a layer about z or 
which resembles the A layer 
at X and Y 


nine neighbors, whilst those of type P 
10-fold Fe 


is shown in Fig. d(e 


discussed above. Cobalt atoms between 
lavers have 
vithin layers have ten (cf. 9- and atoms 
in FeAl,). 

Further structures with 10-fold 
co-ordination (e.g., Fe,Al.*)) and of other 
structures which may be described in terms of close- 

CuMg,, NiMg,’) will not be 
seems that the determination of 


Bland) 


in this laboratory will provide a valuable link between 


discussion of 


packed layers (e.g., 
developed here. It 
some new structures of this type by ‘a. 2 


such structures and will suggest a new scheme of 


relationships for them. 


This section can be summarized by saying that 


METALLURGICA, 


VOL. 


@ CoAT % (1) AL AT 
(2) Al AT 0-44 £0.06 


Al. structure. 


a) Plan in projection down c¢ axis (7.6 A) of atoms about 


height 
(b) Schematic view ol one cell along direction shown In (a). 
Full and broken lines indicate close-packed planes of (a). 


X and Y are 


mirrored halves. 


Co atoms which split such planes into two 


c) Projection as in (a) showing atoms about height zero. 
certain characteristic plane patterns of atoms are 


often found in structures which build up 8, 9, or 


10-fold polyhedra, and that these structures can be 
simply described in terms of sequences of such 
The patterns may also be significant in the 
the CuAl,@’- 
phase grows with the B layers coherent with identical 
(100) layers of the Al-matrix.°*) The planes of Al 


atoms are members of the families of planes which 


patterns. 


growth mechanism of the crystals, e.g., 


build up characteristic strong ( Brillouin-zone) reflexions 
for these structures (see discussion by Black).‘® 
3. POLYHEDRA 


(i) In the Al-rich T.M. compounds it is natural to 
the T.M. 


structures in terms of their co-ordination polyhedra. 


focus attention on atoms and to discuss 
For the purposes of this paper, it should be emphasized 
that the polyhedral description is not suggested for 


or supported by any specific theory of the structures, 


4 
fe 
2) 
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TABLE 2. 


Fe 


(29) 


MnAl, 


(34) 


Mn, SiAl, Co,Al 


(26) 


CoCu., 


(25) 


FeCu,Al, 


+ This is the number of Al neighbors of the T.M. 
* Where the structure contains T.M. atoms with different 
after each co-ordination number. 


atom. 


but arises from observation of their peculiarities and 
the most general inferences that can be drawn from 
that T.M. 
usually distributed so as to avoid contact with one 


the T.M.-Al 


distances and the occurrence of holes on T.M. sites it 


these. Thus it is observed atoms are 


another, whilst from contraction of 
is inferred that T.M.-Al interactions play a decisive 
33, 4) At 


role in stabilizing the structures.“ the same 
there are no obvious regularities in the Al-Al 


time. 
co-ordinations, except perhaps for a tendency to 
contract the mean T.M.-AI distance as the number of 


Each 


between 


T.M. neighbors of an Al atom is decreased.‘ 
Al atom has about ten neighbors, of which 
two and four are T.M. atoms. 

In Table 2 are reviewed the T.M. co-ordinations in 


the Al-rich 


section is the binary that is most rich in Al. There is 


structures; the first compound in each 
a trend of preference from ten neighbors for Mn to 
eight for Cu. 

(ii) If 


they should influence, for example, the formation of 


these preferred numbers are significant, 
isomorphic compounds and the solid solubilities of 
one T.M. in compounds of another. Some evidence 
for such effects can be suggested: 

(a) Mn, SiAl, is an isomorph of Co,Al,; such that one- 
quarter of the T.M. sites of the latter are vacant in the 
former. This has been explained in terms of electron 
concentration,” but this explanation cannot account 
the the The 10-fold 
sites (P of Fig. 5) are all occupied by Mn, whilst the 
9-fold sites (X,Y of Fig. 


(b) Iron and nickel replace cobalt to 


for ordering of vacant sites. 
5) are vacant. 
form an 
isomorph of Co,Al; whose composition is approxi- 
mately Fe,NiAl, The 3: 1 ratio of Fe : Ni is the 
ratio of 10-fold to 9-fold sites in the structure; 


is as yet no experimental proof that the atoms are 


there 


ordered in this way. 
(c) In FeAl., iron shows a preference for 10-fold 


INTERME OMPOUNDS 


BETWEEN 


Transition metal co-ordinations in aluminum-rich st 


NiCuAl 


vironments, the 


proportiol 


co-ordination: it would seem that a compound 


FeAl, isomorphic with MnAl, is almost stable, for 
ternary (FeCu) (CuAl), is found which contains only 
at 
Mn in MnAl,,” and 38 
of Co,Al,. 


d) Cobalt replaces one-third of the iron in Fe Al. - 


per cent Cu. 25,36) Tron replaces up to half the 


, of the Co in the 9-fold sites 


which is sufficient to fill the 9-fold sites of that structure 
sites of NiAl, to any 
great extent, whilst Ni replaces two-thirds of the cobalt 
in 9-fold sites of Co,Al,.® 


The above 


go into the S8-fold 


It does not 


section is a speculative interpretat 


and as such is a digression from the main descriptive 
theme of the papel It has been included bs 


illustrates how a generalization arising from stru 


otherwise ted 


data may provide an 
and 


other compounds of 


UNSUS Per 
formation 


iii) For th 


the stability range 


snow many ot ti 


said that they 


\] rich compounds, VIZ CO 


between unlike 


iInteratoml 


the CaF, types 


short distai elect 


fol 


including 


and 


yveen 


some of th 


itoms 


hetween itoms (Cole 


types contradict this 


S-neighbor but most them ar 


ot end 


systems, 


members of the trans 


series 


metals. which might be expected to resemb! 
The Pd-Al equilibrium diagram, for « 
similar to the Ni-Al diagram 


in the two systems are isomorphous 


Cu 


wnd struct 


rich compounds of T.M.’s have been 


described in terms of 7- and 8-fold 


Zdanov. 10 


4. SIZE FACTORS 


It is important to establish whether 


] 
governed 


eight-nine-ten neighbors is 


8 | 7 
Mn || Co N 
(4) (24) 6 
Lot FeAl, 9(4)t Co,Aly 9 NiAl, Sor 9 CuA 
10(2) 
(23) (28) 2 
9(4) Ni, Al g Cud 
26 
9 9 8 NiCua 
JOLe 
4 
Fable 1, it 
Re atoms. holes on T.M. sit PtP 
tive 
ivoidance of tact 
PdSn,, and the CuAl 
pound 
polyhedra | 
| 


ACTA MET 
TABLE 3. 


Mean Al Al 
distance (A) 


Number of Al 


neighbors 


Compound 


MnAl, 10 


bo bo 
~I¢ 


Mn,SiAl, 


FeAl, 


| 


bo bo bo bo bo bo 


+10 +! 
VI Dw 


bo bo bo 
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Mean interatomic distances in Al-rich T.M. structures 


Radius 
ratio 


Mean T.M.-Al] 
distance (A) 


, variation of 


Al-Al distance 


2.56 
2.59 


2.60 


2.62 


2.46 (for 8) 


1) This is the mean of contact distances on the polyhedron surface. 


2) This is the mean of contact distances between polyhedra. 
3) This is reckoned by including five distances > 3.0 
4) This is the mean Al-Al distance in the structure. 


’ The numbering of Fe atoms corresponds to reference (4). 


In Table 3 is given a survey of the numbers and 
for Al T.M. The 


radius ratios quoted correspond to the sizes of atoms 


distances neighbours of atoms. 


in the structure. The mean Al-Al distances are in the 
first instance average values of the distance between 
atoms on the surface of one polyhedron, but in some 
cases other mean distances are also quoted, for these 
that the Al 
polyhedra 


can be more 


their 


sometimes show atoms 


closely packed between than on 
surface, and in such cases the second radius ratio may 
provide a better estimate of possible atomic sizes. 

An attempt has been made to determine whether 
the 


be 


neighbors respond to 
that 


for the radius ratios 


these numbers of 


maximum numbers of larger atoms can 


packed around a smaller atom 
observed. Twelve neighbours are most efficiently 
packed on a regular icosahedron for which the radius 
ratio is 1.12 (see discussion of 6-Mn by Pauling).{4) 
For ten or eleven neighbors it is not easy to make 
an explicit calculation, especially if a range of varia- 


The 


of Table 4 have been derived by using a stereogram 


tion in contact distances is allowed. results 
to adjust a polyhedron empirically, radius ratios 
being calculated from the angles between points on 
the stereogram. Each result is the maximum radius 
ratio found for the quoted conditions of number of 


neighbors and variation of distance from the mean. 


Since the process is empirical, it cannot be asserted 


that these are the maximum possible ratios. Com- 


A as contacts: 


these are neglected in the next row. 


parison of Tables 3 


and 4 shows that in most cases it 
would be possible to fit one or two more neighbors 


T.M. 


interatomic distances or their range of variation from 


around a atom without changing the mean 


those found in the structures. There is a trend in the 
mean T.M.-Al distance in the Al-rich binary com- 
pounds from 2.56 A in MnAl, to 2.46 A in NiAl,, 
which might be correlated with the preferred co- 
ordination trend of 3(ii), although the size factors 
would indicate a change from eleven neighbours for 
Mn to nine for Ni instead of the observed range of ten 
to eight. 

It is therefore probable that the number of Al- 
atoms in contact with a T.M. is reduced either by 
some specific factor characteristic of the T.M.-Al 
interaction, or by long-range ordering and packing con- 


ditions of the structure. To investigate the second 


TABLE 4. Ideal radius ratios calculated empirically 


Variation of 
distance 


Radius 
ratio 


Number of 


neighbors 


0 (regular) 
10° 


oO 
ae) 

. oO 


Ww 


178 
LO (1.225) 
1.16 
10 2m 1.18 
2 10 17 2.53 1.18 
3 10 14 2.54 (1.245) 
1.21 
4 LO 22 2.56 (1.235) 
1.19 
5 9 | 3 30 2.53 (1.28) 
1.20 
Co,Al, 9 2.83" y 2.47 (1.34) 
2.78'4 1.285 
Co,Al; 9 2.880 14 2.43 1.455 
10 2.784 16 2.57 1.18 
NiAl, 8 (or 9) 2.850 1] Pe (1.375) 
2.784 1.30 
— 
4 
ac 
— 
12 1.1] 
1] 1.15 
1] 1.185 
10 1.25 
10 1.28 
9 1.42 5% 
9 1.5] 15% 
ee 8 1.55 0 
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possibility, one would have to compare alternative in the progress of this work, and the Council of the 
hypothetical structures to prove, for example, that a Royal Society for financial support. I am indebted 
structure can be built by linking 11-fold polyhedra. to several colleagues, particularly Dr. P. Vousden and 
It would seem a priori that this should be possible, Mr. J. A. Bland, for many valuable discussions. I am 


since these structures can tolerate holes (Ni,Al;, grateful to Dr. P. Spiegelberg for permission to quot 


B(AIMnSi)), misfit regions between polyhedra (FeAl,), unpublished results. 
and a large range of interatomic distances. 

Similar conclusions can be drawn for the other REFERENCES 
compounds of Table 1. In the CaF, types, the radius mn a S 
ratios obtained by assuming normal sizes for the tals and Alloys, Institute of Meta 
electronegative atoms (which in some of the structures u 
are not in contact) and a contracted radius for each J. , Acta Cryst., 8, 175 
5 , Phil. Magq., 46, 401 
. BRADLEY and P. Jongs, J 
the range 1.05—1.25, so that there is room for more . M. J. Buercer, Phase Transform 
York, Wiley. 1951), ¢ hapter 6 
. A. J. BrapcrEy and A. Taytor, P/ 
is 1.33-1.37, sufficient for nine neighbors instead of 1937) 

Y. P. Stwanovy, Zh. fiz. Khim., 27, 1503 (1953 
P. B. Braun and J. H. N. vaAN Vucut, Acta Cryst 
eight. Consideration of other members of the list is (1955). 

QO. NIAL, Svens remisk Tidskrift, 59, 165, 172, 
E. HELLNER and F. Laves, Z. Naturforsch., 
It is not, of course, suggested that previous analyses 3. U. Roster and K. Scuusert, Z. Metallk 
L951). 
H. J. WaLtiBpaum, Z. Metallkunde, 35, 218 
terms of size factors are mistaken, but rather that 5. P. SpPrEGELBERG, Private Communication 
K. SCHUBERT and | ROsLER, Z. Metallkur 


T.M. (as derived from the structure concerned) are in 
than eight neighbors. For the PtSn, types, the ratio 
of eight, but in PtPb, the ratio (1.51) would only allow 
complicated by the contact between T.M. atoms. 
which correlate the CuAl,- and CaF,-type phases in 


such factors alone cannot dictate the choice of eight- 


co-ordination for T.M.’s in these structures.'4: 14, 1) 


5. CONCLUSION 

J. BRADLEY and A. 7 

1937). 

would account for these intermetallic-compound 


It may be suggested that the aim of a theory which 


G. D. Preston, Pro 
Pauling’s rules for complex ionic compounds. If such 13: 


? 
| 


structures should be a set of rules analogous to (say) 


an attitude is accepted, then it is not surprising that 23. K. Scnuserr, | 

attempts to account for a set of compounds like the. 9 (1950 
Al-T.M. compounds and to construct rules governing 25. G. PuracMen, J st. Met., 77, 489 (1950 
their formation without an intimate knowledge of 
their structures has produced “‘no real understanding” 

(Hume-Rothery and Coles).“*) The work described 

above should be regarded as a necessary and prelimi- 

nary descriptive analysis. It cannot yet be in any way 

complete: for example, comparisons among existing 

data show distinctive features for the Al-rich com- 


pounds, but this cannot be generalized in the absence 
of extensive data for gallium- and indium-rich 
compounds. Nevertheless, attempts to align existing 36. H. W 
G. V. RAYNOR, - 
‘ G. \ RAYNOR 
theories about these compounds are suggested by this A194, 362 (1948 
G. V. RAYNOR 
1946/7 
been avoided here and will be discussed elsewhere. |G. 8S. Zpanov, Pro 
10, 249 (1954). 
L. PAULING, J. Amer é 
[ wish to thank Professor N. F. Mott and Dr. W. H 35 (B) 354 (1947). 
Taylor for provision of facilities, and for their interest Physics, 3, 149 (1954). 


details and to interpret the data for discussion of 


work. Apart from section 3(ii), such attempts have 
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PROPAGATION OF LUDER’S BANDS IN STEEL WIRES* 


J. C. FISHER 


Annealed SAE-1010 steel wires were deformed in tension at three temperatures. 


performed at constant load by 
through the cracking of a brittle lacquer coating. 

Liider’s band-fronts propagate with a velocity 
through a relationship of the form 


log V 


where C and D are constants. 


PROPAGATION DES BANDES 


DE 


and H. 


hanging weights on 


Ae 


Cc. ROGERS?* 


The 


Propagation was observed visually 


tests were 


the wires. 


that depends upon stress o and temperature 7 


UDER DANS DES FILS D’ACIER 


Les fils d’acier SAE 1010 préalablement recuits ont été déformés par traction a trois températures. 


Les essais ont été effectués a charge constante en suspendant des poids aux fils. 


La propagation a été 


observée visuellement grace aux fissures apparaissant dans une couche de vernis fragile recouvrant 


les fils. 


Les fronts des bandes de Liider se déplacent avec une vitesse V qui dépend de la tension o et de la 


température 7’ suivant une relation de la forme: 


log 


D sont des constantes. 


AUSBREITUNG VON 


Gegliihte Drahte aus SAE-1010-Stahl wurden bei drei Temperaturen gedehnt. 
unter konstanter Last durch Anhangen von Gewichten an die Drahte durchgefiihrt. 


LUDERS-BANDERN 


IN STAHLDRAHTEN 
Die Versuche wurden 
Die Ausbreitung 


der Liiders-Bander wurde durch das Aufreissen eines spréden Lackiiberzuges visuell beobachtet. 


Die Fronten der Liiders-Bander breiten sich mit einer Geschwindigkeit V aus, die von der Spannung ¢ 


und der Temperatur 7’ entsprechend einer Beziehung von der Form 


log V 


abhangt, wobei C und D Konstante sind. 


When an annealed low-carbon steel wire is stressed 
the of the 
depends upon the magnitude of the stress. 


extension 
At 


At somewhat higher 


in tension, nature associated 


low 
stresses the extension is elastic. 
stresses the elastic extension is followed by a small 
amount of homogeneous plastic strain that rapidly 
vpproaches a limiting value, which increases with 


1) At still higher stresses. when the limiting 


stress. ' 


amount of homogeneous plastic strain is as great as 


10 or 10 


, one or more local constrictions appear i 
The strain in these constrictions is relatively large, 
In the 
stricted portion of the wire the homogeneous plastic 


the wire and grow along it. as sketched in Fig. 


and is nearly independent of time. uncon- 


strain runs its course and ceases. Later, the boundary 
of a constricted region reaches this portion of the 
wire and passes by it. As the boundary passes a 
given point on the wire, the plastic strain very 


rapidly increases and approaches a new limiting value 


Received May 11, 1955. 
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as great as 10-2 or 10-1. Boundaries traverse the wire 


until the entire gage length has been consumed by 
constricted regions.) 

The constricted region of a wire in which a relatively 
great amount of plastic deformation has occurred is 
called a Liider’s band, and the moving boundary of 
the band behind which the plastic strain occurs is 
called the band front. This investigation was under- 
taken to measure the influence of applied stress and of 
temperature upon the velocity of band-fronts. For a 
given stress and temperature they usually were found 
to move at a uniform velocity, and they moved more 
rapidly as the temperature or stress was increased. 

EXPERIMENTAL PROCEDURE 

Dead-weight tensile tests were conducted on wire 
specimens that were mounted inside a double-walled 
tube 30 in. long with a 1-in. inside diameter. Speci- 
mens were gripped by squeezing a 3-in. length at each 
end between grooved blocks, and by flattening down 
with a setscrew a small length of wire that extended 


D 
C 
= 
V ( 
oT 
4 
D 
( 


FISHER ann ROGERS: PROPAGATION 
beyond these blocks. The top grip was hung by }-in. 
rod from a plastic block at the top of the tube, and 
the load was applied by means of a weight-pan hung 
the 


which in turn was fastened to a T bar attached to the 


on bottom cross-arm of a rectangular frame. 


bottom grip. A dial gage was mounted inside the 


BAND FRONT VELOCITY 
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18] 


this light-source on the specimen temperature was 


checked and found to be negligible 


A test consisted first of placing grips on the coated 


wire, hanging it in the tube. and waiting for the 


specimen and grips to reach the temperature of the 


bath surrounding the inner tube. Next, the rect- 


LUDER'S 
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BAND FRONT 


BAND FRONT VELOCITY 
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BAND FRONT 


Fic. 1. Propagation of a constricted region (Liider’s band) along a wire, schemati 


The band-front moves with velocity V, 


lower sketch refers to a later time. 


rectangular frame so that it measured the motion 
of the lower grip relative to the frame of the tensile 
machine. 

The specimens were 0.030-in.-diameter wires with 
9-in.-gage lengths. Long wires were used primarily 
to reduce the influence of end constraints upon the 
band-front velocity. The wire was drawn from 3-in.- 
diameter SAE-1010 steel rod, cut into 11-in. lengths, 
and hand-straightened. The specimens then were 
packed in alundum in an SAE-1010 steel tube, and 
were heated for ten minutes at 1000°C in dry hydrogen. 
The tube and contents then were cooled in a water- 
jacketed chamber with a hydrogen atmosphere, 
producing ASTM No. 8 grain size. An X-ray check 
indicated practically no fiber texture in the cold-drawn 
wire. 

The test temperature was obtained by means of a 
constant-temperature bath between the two walls of 
the tube. The bath was insulated by an unsilvered, 
evacuated, double-walled glass cylinder surrounding 
the tube. 

Preliminary experiments showed considerable vari- 
ability in extension rate for a given stress and tem- 
perature, because of changing numbers of band-fronts. 
In order to make the fronts visible and countable, the 
specimens were dipped in Stresscoat and allowed to 
dry before testing. The Stresscoat, which is a brittle 
lacquer, then flaked when subjected to the plastic 
strain of a Liider’s band, rendering the band easily 
visible under the oblique illumination of a small 
The effect from 


microscope light. of the radiation 


and plastie strain occurs in its wake Che 


angular frame was attached to the bottom grip and 
the weight-pan hung on its lower cross-arm. A 0.001 
in. dial gage was placed against the lower flat side of 


the extension of the 


had 


shown would only elastically deform the specimen 


its upper cross-arm, to 


Such 


measure 


specimen. weights as preliminary tests 
were then added, taking up all slack in the specimen 
the 


Finally, the last weight was added to g 


train, and initial dial-gage reading was taken 


ive the desired 


stress, and measurement of time, elongation, and 
mtinued until the en 


Measurem« nts 


were continued for a short additional period after the 


number of band-fronts was ec 
wire was consumed by Liider’s bands 
Stresscoat had completely cracked, to see if furthe 
deformation would occur 


il 


Usually band-fronts moved into the wire 
grip, and often other Liider’s bands were nucleated at 
band 


imperfections along the wire, producing two 


fronts that moved apart along the wire. Occasionally 


a Liider’s band would appear long after the final stress 


was reached, but usually they appeared as soon as the 


final stress was applied. 


RESULTS 
The following symbols are defined 
t time 
temperature in ~C 


flow 


stresscoat 


time from initiation of plastic 


complete cracking of the 


the entire specimen gage length 


( ) 
4 


INCHES 


GAGE READING IN 


DIAL 


20 


Stress. 


velocity of propagation of band-fr 


strain associated with the band. 
extension of wire. 


number of moving band-fronts. 


ont. 
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Figs. 2 through 4 show typical curves of extension as 
a function of time for tests at 0°C, 24°C, and —78°C. 
At 0°C, extension is linear with time for any fixed 
number of band-fronts, as shown in Fig. 2. When two 


fronts meet, there is a sharp decrease in the extension 


| 


INCHES 


IN 


DIAL GAGE READING 


| 


| | T 


5 
TIME IN MINUTES 


Fig. 2. Extension versus time for a test at 0°C and 37,300 p.s.i. The number of 
moving band-fronts is indicated, and decreases at the positions marked by arrows. 


| 


100 200 300 400 500 600 
TIME IN MINUTES 


700 


Fic. 3. Extension versus time for a test at 24°C and 


33,000 p.s.i. The number of moving band-fronts is indicated, 


and decreases at the position marked by the arrow. 


the 


band-fronts ceased moving after ten minutes.) 


(One of 


| 


6 10 


rate. No further deformation is observed after time f.,. 
This behavior corresponds to the motion of band- 
fronts at constant velocity, and to a rapid cessation of 
plastic flow in the Liider’s band shortly after the 
front passes by. 

The behavior at 24°C is somewhat different, in that 
the extension rate for any fixed number of band- 
fronts decreases as a function of time, as shown in 
Fig. 3. Still, the extension ceases after f,. This 
behavior could result from a reduction in the 
velocity of band-front motion, or from a reduction in 
the strain in a Liiders’ band. Measurement of Liider’s 
band-strain shows it to be constant, so that the 
reduction in extension rate must be interpreted as a 
reduction in band-front velocity as the band moves 
along the specimen. 

Testing at 78°C is again somewhat different, as 
may be seen in Fig. 4. At this temperature, the 
extension rate is approximately constant for a fixed 
number of band-fronts, but the specimen continues to 
elongate after time ¢,. Moreover, the extension rate 


changes more gradually to its new value after two 
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| In the tests at room temperature, the decrease of 
| the extension rate with time results primarily from a 
decreasing band-front velocity rather than a de- 
creasing strain associated with the band. Hence, the 
band-front velocity can be determined in the same 
manner as at 0°C, except that the velocity is variable 
with time, rather than being a constant of the test 
The band-front velocities deduced for tests at 


INCHES 


78°C are more ambiguous, because the Liider’s 


band-strain ¢, is not strictly constant with time at 

78°C. Velocity calculations for tests at 78°C 
were made by assuming that, just before the last 
pair of band-fronts met, the wire was extending in the 
Liider’s bands at the rate measured after time f 
This homogeneous extension rate then was subtracted 


from the measured total extension rate just before ¢ 


DIAL GAGE READING 


and the band-front velocity was obtained from this 


corrected value of the extension rate 


T T 


10 20 30 
TIME IN MINUTES 


Fic. 4. Extension versus time for a test at 78°C and 
47,100 p.s.i. The number of moving band-fronts is indicated, 
and decreases at the positions marked by arrows. The initial 
portion of the curve is not shown. 


band-fronts meet. This behavior results because the 
plastic deformation in the wake of each front con- 


tinues for along time. It continues after the specimen 


is completely traversed, accounting for extension after 
time ¢,, and slows down only gradually after two fronts 


(2) 
z 
oO 
WwW 
c 
WwW 
a 
z 


meet, accounting for the gradual change in extension 


IN 


rate following their junction. 


Several approximations had to be made in order to 
calculate the velocity of propagation of the band- 
fronts from the measured extension rates, the number 
of fronts, and the strain in the Liider’s bands. These 
approximations would not have been necessary had 
the band-front velocity been measured directly. 

Assuming the strain associated with a Liider’s 


band to be constant during any one test, an assump- 


BAND FRONT VELOCITY 


tion that was found experimentally to be satisfactory, 
the extension rate can be approximated by the 
equation 


d( Al)/dt nVe, (1) 


where the band-strain is calculated from the elonga- 


tion at time ¢, by the relationship e, In (d/l). 


This equation can be solved for the band-front 38 42 46 
velocity V when the extension rate, the strain e,, and STRESS IN THOUSANDS OF PS | 
the number of band-fronts x are known; a procedure 5. Band-front velocity versus stress for t 


78°C Because the ocity 1s variabl 


that can be followed straightforwardly for tests at O°C. the initial welecity ia Gor 
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[he band-front velocities for tests at all three 
temperatures are plotted as a function of the applied 
stress in Fig. 5. 


24°C. 


Only the initial velocity is plotted for 


tests at 
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and temperature just as does the reciprocal of the 


delay time. 
An analysis of the delay time for yielding, based 


upon dislocation theory, shows that the delay time 


O°C AND 24°C 


LUDER’S BAND STRAIN 


40 


STRESS 
Fic. 6 
that the Liider’s strain depends 


Fig. 6 shows 


primarily upon stress, and increases rapidly with 
Stress. 
DISCUSSION OF RESULTS 
The dependence of the Liider’s band-front velocity 
upon stress and temperature may be related to the 
Clark 


which is based upon the pinning of 


delay time for yielding as observed by and 
Wood. i. § 
dislocations by solute atoms in the manner described 
vy Cottrell.“ One might look upon the motion of a 
band-front as the yielding of many successive small 
These regions 


increments of length along the wire. 


could be individual grains or subgrains in the wire. 
\s each region \ ields, it increases the stress on the 
region ahead of it, which region in turn yields after an 
appropriate delay time. The succession of delay 
for the yielding of successive increments of 
of the definite 


velocity. This velocity should then depend upon stress 


times. 


length wire. leads to a band-front 


depends upon stress and temperature through a 


relationship of the form 
log (delay time) = A 
G is the shear modulus, 


where A and B are constants, 


Liider’s band-strain 


T 1 


45 


IN THOUSANDS OF PS.| 


as a function of stress. 


and 7 is the resolved shear stress on the slip plane. 


The band-front velocity, then, should be of the form 
log V D/oT. 

The experimental data are so plotted in Fig. 7, and 

do give a linear relationship for the velocities at —78°C, 

at O°C, and for the initial velocity at 24°C. 

the fall 


helow the curve, however. 


Final 


velocities for room-temperature tests well 

The decrease in propagation velocity at 24°C with 
time probably is due to aging of the material following 
the homogeneous plastic strain that precedes Liider’s 
band formation. According to this view, the proper- 
ties of the stressed and aging material should change 
with time at room temperature, in the absence of 
Liider’s bands. Aging of this type has been observed 
by Holden and Kunz, who studied it with reference 
to the upper vield-point.{®) They stress-aged steel 


specimens at stresses below the yield-stress, and 
found that the yield-stress thereby was raised above 
its value for specimens aged without stressing. 

and 24°C 


probably results from aging of the material in the 


Similarly, the absence of creep at O°C 


Liider’s band at these temperatures. 


— 
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AND 


24°C (INITIAL) 
O°; 
-78°C 
O 24°C (FINAL) 


9.5 10.5 


1\/oT IN 10°78 (PS.1. °K)7! 


Band-front velocity as a function of the re 


absolute 


Fic. 7 
ot stress 
only the initial 24°C velocities fall on the 
24°C velocities fall below it. 


temperature. Because of aging 


curve, and the 


OF LUDER’S BANDS IN 


CONCLUSION 


For a given material, Liider’s band-fronts propagate 


witha velocity that depends upon stress and tempera 


ture through a relationship of the form 


log V DioT. 


where o is the applied stress, and 7’ is the absolute 


This 


propagates 


temperature. relationship suggests that the 


front as the result of a series of ‘“‘delay 


times” in the propagation of yielding from grain to 


erain similar to that observed for the initiation of a 
Liider’s band itself. 
The Liider’s strain increases with stress in the same 


way that strain increases with stress for a_ poly 


cry stalline material that has no Liider’s bands 
Strain-aging of the Liider’s band prevents creep in 


the band at 0°C and 24°C, but not at 78°C. At 24°( 
the band causes the 


aging of the material ahead of 


band velocity to decrease with time 
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PHYSICAL EVIDENCE OF DISLOCATIONS IN CHROMIUM* 


M. J. FRASER, D. 


CAPLAN, 


and A. A. BURR?t 


Chromium sheet, thermally etched at 1300°C and 1500°C in purified hydrogen, was found to exhibit a 


number of surface structures which are conceived as resulting from the presence of dislocations. 


PREUVE PHYSIQUE DE LA 


PRESENCE DE 


DISLOCATIONS DANS LE CHROME 


Des plaquettes de chrome attaquées thermiquement a 1300 et 1500°C dans ’hydrogéne pur montrent 


en surface un ensemble de structures que Von peut concevoir comme résultant de la présence de 


dislocations. 


PHYSIKALISCHER 


NACHWEIS VON VERSETZUNGEN IN CHROM 


Es wurde gefunden, dass bei 1300°C und 1500°C in reinem Wasserstoff thermisch geatztes Chrom- 


Blech eine Anzahl von 


Anwesenheit von Versetzungen herriihren. 


Oberflachenstrukturen zeigt, von denen anzunehmen ist, 


dass sie von der 


Although the importance of the dislocation concept 


in deformation, solidification, diffusion, and in 
crystal structure is well known, until recently direct 
experimental observation of dislocations has been 
lacking. Examples of the various types of observa- 
tions have been reviewed by Forty.” Most of these 
have been made in non-metals, with relatively few 
examples of dislocation configurations in metals. 
On the basis of the dislocation model of a small- 


angle boundary, simple calculations indicate that the 


spacing of individual dislocations along a sufficiently 
the 


low-angle boundary is well within resolving 


power of the optical microscope."2-® Since a dis- 
location is a structural discontinuity involving an 
energy-differential in the lattice, it is possible, with 
sufficiently sensitive techniques, to reveal dislocation 
sites in low-angle boundaries as well as the position 
of randomly-spaced dislocations and other related 

In general, two methods may be employed to 
do this. The first, applicable only to multiphase 
The 


involves 


systems, is local precipitation. }* second, 


which is most generally used, sensitive 
etching.{7, 8, 10-12, 14-21) 

The metallurgist employs various etching tech- 
discontinuities. The 
the dif- 


ferential rate of removal of atoms from the surface 


niques to reveal structural 


basis for such delineation of structure is 


near discontinuities relative to the average rate of 


This 


electrochemical 


the surrounding matrix. 


be accomplished by 


removal from may 
chemical or 


solution, by ionic bombardment,'??) or by thermal- 


* Received May 27, 1955. 
Department of Metallurgical Engineering, 
Polytechnic Institute, Troy, New York. 
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etching.@?) Thermal-etching is a method of delineat- 
ing structure by heating the surface in a vacuum or 
in an atmosphere with which it does not react to 
form a stable compound. The increased mobility 
at high temperature allows the surface atoms to 
configuration of lowest free-energy, 
the 


conditions 


produce a 


consistent with temperature, pressure, and 


atmosphere imposed.'*4) Migration is 


away from high-energy sites, revealing these as 


depressions in the surface. This method has recently 
been used to show dislocation sites in silver.“ 

The purpose of this paper is to describe some of the 
structural discontinuities revealed by the thermal- 
Only those effects which are 
the 


locations will be illustrated. A more general treatment 


etching of chromium. 


conceived as resulting from presence of dis- 
of the thermal-etching of chromium will be presented 
in another publication. 

Assuming the possibility of revealing individual 
dislocation sites by a sufficiently sensitive etching 
treatment, the following details might be observed 


in the general case: 


General dislocation density and distribution. 
Small-angle boundaries developed as rows of 
pits. 

Dislocation distribution along slip traces and 
other deformation discontinuities. 

Interaction of dislocations with inclusions. 
Interaction of dislocation loops produced during 


plastic deformation. 


Generally, the high-temperature treatment required 
the 


possibilities 3 and 5 unless the dislocation lines are 


for thermal-etching precludes observation of 


anchored by some means. 
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EXPERIMENTAL 
Relatively pure chromium sheet, rolled to approxi- 
was pickled in 1:1 HCl at room 
The sheet 


mately 0.020 in., 
temperature to remove the rolling scale. 
was then thermally etched under controlled con- 
ditions without further surface treatment. 

For the work described below, two etching tem- 
peratures 1300°C 1500°C. 
At 1300°C, the sample was etched in an iron muffle 
both 


were employed: and 


and at 1500°C in a molybdenum muffle. In 
cases, the atmosphere was purified hydrogen flowing 


The 


employed were sixty-six hours for the 1300°C etch 


at l-atm pressure through the muffle. times 
and twenty hours for the 1500°C etch. 

The thermally-etched surfaces were examined by 
optical Where’ the 
specific grains (0.2- to 0.4-mm diameter) was studied, 


a simple micro-X-ray technique was employed.‘*?) 


microscopy. orientation of 


RESULTS AND DISCUSSIONS 
The structures which are illustrated are reprodu- 
cible under the conditions outlined above. 
Fig. 1 shows a composite photomicrograph of a 


portion of a single grain. This structure is typical 
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DISLO¢ 


of the 1300°C thermal-etch where the {100} plane of 
the grain is slightly inclined to the surface (approxi 
mately 5~). The following features are ipparent 


1. The existence of sub-boundaries developed 
rows of pits 
The occurrence ol generally spaced pits 
the subgrains 
The dihedral 


themselves and 


angles between sub-bouns 


between the sub pou 


and the grain boundaries 


Fig. 2 shows a section of one of the boundari 


Fig. 1. 


tatively illustrated by the change in reflectec 


The mismatch across the boundary is 


ther 
The 


pits 


intensity from one side of the boundary to the 
Fig. 3 shows another section of this boundary 
fact that the 


extend into the metal is evident from the path of the 


discontinuities which cause the 


boundary up and down the ridge in the center of the 
field. On 


noted to be continuous through 


thin-sheet boundaries 


specimens 
the sheet 
LCTOSS the boundary ot 


The degree of mismatch 


Fig. 2 


from X-ray 


estimated at about ten minutes 


Unfortunately 


has heen 


analysis there is no 


\ 
Fic. 1. Composite photomicrograph showing a portion of a large gra | le nto subg : 500 
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Fig. 2. Section of a subgrain boundary shown in Fig. 1 2000. 


3. Section of a subgrain boundary shown in Fig. 1 2000. 
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of the dis- 
therefore no 
the 
The 


reported mismatch would seem to require a closer 


control over the angle of intersection 
the 


between 


location lines with surface, and 


precise correlation pit-spacing and 


angle of mismatch can be made at this time. 


spacing of pits on the basis of a simple boundary 
model.: ™ A valid analysis would require, however, 
a section normal to the dislocation lines, since any 
the 


Therefore, the observed pit-spacing 


section other than normal one constitutes a 
taper section. 
is probably greater than the actual spacing of dis- 
factor. 
The interpretation of the exact geometry of the 
the further 
complicated by the fact that the boundaries are not 


The 


for these boundaries does not appear to be a simple 


locations along the boundary by some taper 


dislocation array along boundary is 


crystallographically dependent (Fig. 4). model 
one, and further experiments to determine their 
geometry are anticipated. 

The scarcity of the subgrains may be due to 
the 
However, there is an alternate explanation for such 


coarsening during long thermal treatment.‘” 
boundaries which has recently been proposed by 
Nielsen, This 


mechanism could produce the observed boundaries, 


called ‘‘geometrical coalescence.” 
and is indicated in many boundary configurations 
this 


easily 


which have been noted during investigation. 


Grain-boundary migration was observed 
the 
between neighboring grains. 
that 
boundaries, when observable, extended or contracted 
with the movement of the grain boundary. This 


Daniels in 


because of difference in striae configuration 


It is interesting to note 
boundary migrated, the sub- 


when a grain 


behavior was also noted by Dunn and 


silicon iron.'??) 
the intersection 


of the sub-boundaries with the grain boundaries are 


The observed dihedral angles at 


not to be expected, due to the relatively low energy 


associated with the sub-boundaries. However. the 


are not high- 
energy the 


because of a rather strong texture developed during 


grain boundaries themselves very 


boundaries, relative to sub-boundaries, 


thermal etching. Experiments are in progress to 
measure the dihedral angles accurately and estimate 
the This 
should allow an independent determination of the 
4, 5) 


interfacial energy of sub-boundary. 


density of dislocations along the sub-boundary.‘ 

The density of the randomly-spaced pits inter- 
secting the surface is of the order of 10°-107 per 
square centimeter. This is consistent with the 
range generally quoted for the density of dislocations 


in a well-annealed metal (approximately 10°-10* per 


square centimeter)'?5) and agrees well with a similar 


6 


EVIDENCE OF 


DISLOCATIONS IN CHROMIUM 


determination in thermally-etched silver.”?) One is 
therefore tempted to attribute their occurrence to 
5 shows the configuration of the 
This 


and 


dislocations. Fig. 


generally-spaced pits at higher magnification 


field was not taken in the grain shown in Fig. ] 


illustrates a configuration where the 1100! plane 


the 
However, this does not affect the conclusions drawn 
vith 


intersects surface at a slightly greater angle 


Pits lying along crystallographic directions 
a single grain are shown in Fig. 6 
this 


Howeve! 


is to be expected, considering these pits to br 


this type of array is quite uneven 
indi 
cations of dislocations lying in slip plane: 

It should be noted that these pit phenomena aré 
crystallographically dependent to the extent that 
are observed only in grains oriented so that a 


\ ce rtain 


degree of cry stallographic dependence of the observa 


they 
1100! plane is within about 10° of the surface 


tion of the intersections of dislocations with the free 
surface is expected, but it seems questionable that 


the limits would be so narrow. One factor influencing 


the observability of the dislocation pits is the degree 


Fig. 7 


whe re 


of interference caused by thermal-etch striae 


illustrates small-angle boundaries in a grain 


the angle of intersection of the {100} plane with the 


greater than 10 The resolution 


surface is somewhat 
of individual pits in the boundaries is poor with this 


orientation. 


Fig. 8 shows a boundary of mismate] 


poundaary 


than those illustrated previously 
the left-hand edge of Fig. 8 


is present on 
as the sub-boundary 
This is 


the dislocations fr 


pit-spacing IS obviously oreater 
approaches the orain boundary 
a result of climb of 
boundary into the grain boundary at the 
temperature 

Fig. 9 illustrates a type of configuration obs 
in chromium thermally etched at 1500°( 
a 4100! plane of the grain is in the surface 
noted in this str 


interesting features are 


1. The nature of the intersections 
with the grain boundaries 
2. The configuration around an inclusion 


suggested that the configurati 


It is 


grain boundaries represents, on a 
movement of dislocation loops from the 
across the grain. Fig. 10 is a higher n 
of the area around point A in Fig. 9 

moving pictures of thermal-et« 
taken by J. B. Ne 


this 


Recent 


mercuric iodide vkirk 


reasonable interpretation of pattern.‘*? 


mercuric iodide striae configuration 


cases similar to that observed chromium 


very 
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Fic. 4. Section of a subgrain boundary shown in Fig. 1 2000. 


‘1G. 5. Generally spaced pits within a grain 1500. 
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Interior of grain showing pits positioned along crystallographic directions 2000 


7. Subgrain triple point within a large grain 2000. 
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Thermal-etching configuration showing interaction between striae and inclusions 


192 
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Fic. 8. Subgrain boundary showing variation of pit-spacing along the boundary 2500. 
9° 
4 
j 
\ SSS > 
5 \ 
SASS 
WWW 
Yr) 
9. 500. 


FRASER, CAPLAN, ann BURR: PHYSICAL EVIDENCE OF DISLOCATIONS IN CHROMIUM 193 


Detail of area around point in Fig. { 2000 


Detail of area around poin yin i 2000 
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Fic. 12. Interaction of striae with an inclusion showing closed loops around the inclusion 2000. 


Deep pit with octagonal symmetry— x 2800. 
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with the lamellae originating at grain boundaries 
and moving across the grain. It is believed that the 
surface pattern in chromium illustrated in Fig. 9 
was also produced by this mechanism. The lamellae 
do not necessarily leave the boundary with their 
final thickness. Layers of one atomic height probably 
move individually from the boundary and _ collect 
at some point close to it. The stable height reached 
before the lamellae move as a unit is a function of the 
orientation of the grain with the specimen surface. 
As soon as the collective lamella moves away from 
the boundary as a unit, a new one begins to form. 
This series of events could be realized by the de- 
generation of favorably oriented screw dislocations 
in the boundary. 

The the 
(area around point B, Fig. 9) is shown in Fig. 11. 


intersection of loops with inclusions 
Fig. 12 illustrates another interaction where pinched- 
off loops are seen around the inclusions. It is evident 
that these interactions are analogous in configuration 
to those proposed by Orowan,‘ and Fisher, Hart, 
and Pry,'?" for dispersion hardening. 

It should be that no 
generally-spaced pits, as illustrated in 
etched at 1300°C, were observed in that etched at 
1500°C. 
latter, but these are not delineated by pits. 


noted pit-boundaries or 


chromium 


Low-angle boundaries are present in the 
Also, 
the striae configuration, except for grains of the 


orientation very close to that shown in Fig. 9, is 


generally straight and crystallographically dependent. 
These two observations indicate the decreased 
sensitivity at the higher etching temperature. 

Fig. 13 


only in the chromium etched at 1500°C. 


shows a configuration which was noted 


This is a 
base, exhibits 


relatively deep pit which, at its 


octagonal symmetry. There is an obvious tendency 
in the second and third levels from the base toward 
dodecahedral symmetry, and further up on the wall 
of the pit the section appears to be a regular polygon 
of many sides approaching a circle. Pits of this type 
grains which have a {100} plane 


are observed in 


nearly in the plane of the surface. It is proposed 
that this represents the reverse process of spiral 
growth as proposed by Frank”) and directly observed 


Newkirk.) The 


polygonal symmetry of the pit is due to anisotropy 


in cadmium iodide crystals by 


of atom removal. 
Fig. 14 illustrates 
the same symmetry 
the 
structures was verified by the light profile method."?” 


a growth-mound which exhibits 
characteristics as the pit men- 
opposite nature of these two 


tioned above; 


This structure is probably the result of spiral growth. 


The apparent anomaly of growth occurring under 


EVIDENCE OF 


DISLOCATIONS 


14. Growth-mound with o 
L500 


etching conditions resolved by 


the 


so-called may be 


observations of 


considering Johnson, who 
noted growth-mounds on thermally-etched tungsten 
It is probable that a relatively stationary gas-jacket 
exists around the whole specimen while it is being 
etched. Metal this 
high 


surface.2?, 36 is 


thermally atoms, diffusing in 
return to the 
that 


the Vas 


jacket, have a probability ol 


solid not unlikely local 


fluctuations of metal-vapor content of 


temperature of gas or metal surface, or energy of the 


surface, could lead to local growth. The probability 


of such occurrences is small, and indeed growth 


mounds were rarely observed in this study 
Continuously connecting spirals were not resolved 


either in the pits or in the mounds. However, this 


is to be expected, since the strength of growth- or 


etch-spirals in metals under the imposed conditions 
is one atomic diameter, and special techniques on 


relatively open structures are required to resolve 


the spiral.“ 
CONCLUSIONS 


It may be concluded from the illustrations of 


thermally-etched chromium presented above 


metal, at least. thermal-etching reveals 


related to the 


in this 


structures presence of dislocations 
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THE CRITICAL SHEAR STRESS IN o@-BRASS AS A FUNCTION OF 
ZINC CONCENTRATION AND TEMPERATURE* 


R. E. JAMISON and F. A. SHERRILL 


Single-crystal tensile specimens of %-brass of various compositions up to 30 at. per c¢ 
at four temperatures (4.2, 78, 195, and 297°K) to measure the critical shear stress 


critical shear stress at each of the lower temperatures to that at 297°K show a shi 


unity for 0°, zine (measured by previous workers) to a plateau at about 7°, and 
starting at about 20% zine. A significant result is that for small percentages of zine (up to : 
the critical shear stress at 4.2°K is actually lower than that at 78°K. An explanation of thi 
offered in terms of jog formation in the dislocations during their movement prior 


specimen. 


DE LA TENSION CRITIQUE DE CISAILLEMENT DANS LE LAITON « AU POINT 
DE VUE DE LA CONCENTRATION EN Zn ET DE LA TEMPERATURE 

Des échantillons de mono-cristaux de laiton % tenant plus de 30 pour cent de Zn ont été 
traction sous 4 températures (4,2, 78, 195, 297°K) pour mesurer la tension critique de 

Les rapports de la tension critique de cisaillement a la température la plus haute 
obtenue pour les autres températures indiquent un accroissement rapide lorsque la ten¢ 
de 0 a 7%. 

Pour cette valeur, on obtient un palier puis une nouvelle augmentation pour des teneurs de 20 Zn 
environ. 

Un résultat significatif obtenu ainsi est que pour les faibles teneurs en Zn (4°, et plus), la tensior 
critique de cisaillement & 4,2°K est actuellement plus faible que celle a 76°K. On propose un explication 
de cette anomalie en relation avec la formation de Jog dans les dislocations au cours de leur mouvement 


avant que l’échantillon n’ait atteint sa limite élastique. 


DIE KRITISCHE SCHUBSPANNUNG VON «-MESSING ALS FUNKTION 
ZINK-KONZENTRATION UND DER TEMPERATUR 

Einkristalline Zugstabe aus x«-Messing verschiedener Zusammensetzung bis zu 3¢ 

wurden bei vier Temperaturen (4,2, 78, 195, und 297° K) gedehnt, um die kritische 

messen. Die Verhaltniswerte der kritischen Schubspannung bei jeder der tieferen 
derjenigen bei 297°K zeigen einen scharfen Anstieg von eins fiir 0% Zink (von 


gemessen) zu einem Plateau bei ungefahr 7° und daraufhin einen weiteren Anstieg dé 
beginnt. Ein bemerkenswertes Ergebnis ist, dass fiir kleine Zinkgehalte (bis zu etw: 
Schubspannung bei 4,2°K tatsachlich kleiner ist als diejenige bei 78°K. Es wird ¢ 
Anomalie durch Sprung(jog)-Bildung in den Versetzungen wahrend 


plastischen Fliessens der Proben vorgeschlagen. 


INTRODUCTION of approximately : lO-? mm 
The data presented here are the result of preliminary were melted and mechanically 
work in a study of neutron-irradiation effects on the homogenization, then crystals were grown 
mechanical and electrical properties of «-brass melt by the Bridgman technique 
single crystals. The results supplement early room- Because of the differences in coefficients 
temperature data by Géler and Sachs”) and Masima expansion between the crystals and th 
and Sachs‘) on «-brass, and more recent data by mold, some deformation 0.8 


Ardley and Cottrell) on f-brass in the range 78°K during cooling. After the crystals 
] 


to 673°K. from the mold. they were etched, sealed 


PROCEDURE evacuated quartz tube, and annealed for 
. hours at 550°C 
High-purity copper ( 4) and zine (99.99%) in | 
The single crystals, which wet 


the approximate proportion desired were inserted 
of tensile specimens with the gage secti 


into a closed graphite mold which was then sealed 


é long by 3% inch in diameter, were the 
into a fused-quartz tube at 400°C under a vacuum ‘ 


in an Instron Tensile Testing Machine, at 


rate of extension (0.02 in./min) Che 
* Received August 6, 1955. 
+ Oak Ridge National Laboratory, Oak Ridge, Tennessee. 
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pulled at various temperatures in the 


44 fie 
ratios of th 
J + 
A DER 
t.-Prozent Z 
Bearbeiter 
3 
ritisehe 
Kr rung diese 
Beg ! 
t ther 
nnite 
were ren ved 
1 the shape 
nstant 
folowing 


ACTA 


APPROXIMATE CONCENTRATION OF ZINC (At. %) 
0 10 20 30 


METALLURGICA, 


STRESS AT ROOM 


RATIO OF RESOLVED CRITICAL SHEAR STRESS TO 
SHEAR 


RESOLVED CRITICAL 


TEMPERATURE 


363 3.64 3.68 


LATTICE PARAMETER 


365 3.66 367 
(A) 


Fic. 1. The ratios of the resolved critical shear stress at 


each of three lower temperatures to that at room temperature 
are plotted as a function of lattice parameter (or approximate 


zine The absolute values of the critical 


shear stress may be obtained by use of Table 1. 


concentration ). 


order: 7, and 195°K. During 
each test the samples were extended to just exceed 
After these six tests, the samples 


550°C) 


the elastic limit. 


were again annealed (72 hours at and were 


pulled again at the various temperatures, but not 
measurements. 


in the same order, to check the first 


Except for samples 5A and 5B, the reproducibility 


2.5 


4 NEURATH AND KOEHLER 
@ BLEWITT 

)PRESENT DATA 


SHEAR STRESS TO 
AT ROOM 
™m 


STRESS 


58 ,18%Zn 


SHEAR 


RESOLVED CRITICAL 


PURE COPPER 


RESOLVED CRITICA! 
TEMPERATURE 


RATIO OF 


TEMPERATURE ( °K 


Fic. 2. The ratios of the resolved critical shear stress which 
were plotted in Fig. 1 are plotted here as a function of tem- 
perature for zinc. The results by 


previous workers on pure copper are also shown. 


two concentrations of 
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was within 2°. Total extension during the first 
set of tests was never more than 1°%,, and was generally 
less than 0.5%. 

shear-stress 


the critical 


measurements, sections from the ends of the samples 


Upon completion of 
were removed for single-crystal lattice parameter 


measurements. These measurements, taken at 22°C, 
were accurate within 0.001 A.“ 

Although we are perhaps primarily interested in 
the zine concentration, we will refer to it and the 
lattice parameter interchangeably (as one of the 
the 


determine its 


experimental variables): we have used linear 


the 


indirectly. This linear relation is commonly accepted 


relation between two to value 


and is expressed as follows: atomic cent zinc 
444 3.615). 


The proportionality constant used here is accurate 


per 
(lattice parameter in angstroms 
within two per cent. We have designated the values 
of the 


though they are more accurate than could easily 


zinc concentration as approximate even 


be obtained by chemical analysis, particularly on 
small samples. 
Some samples varied slightly in zine concentration 


from end to end: so in these cases the measurements 


were interpolated to the region where slip lines were 


seen in the gage length. 


OBSERVATIONS 

Since the concentration dependence of the critical 
shear stress at room temperature is well known, and 
since a relative value is much more accurately 
determined, the ratio of the critical shear stress at 
each of the lower temperatures to that at room 
temperature is plotted in both figures. 

Fig. 1 shows the complete data with the critical 
shear stress (henceforth referred to as the CSS) ratio 
as a function of zine concentration at 4.2, 78, 195°K. 
2 shows the most accurate of this data for two 
the data 


previous experiments on pure copper, as a function 


Fig. 


concentrations of zinc, along with from 
of temperature. 

Except where indicated, the values of the ratio 
plotted in Fig. 1 are accurate to within 2%. The 
values of the ratio (except those for pure copper) 


The 


inaccuracy of the measurements on pure copper’ ® 


plotted in Fig. 2 


are accurate to within 1.5°%. 
results from a yield point being undefined in this 
material. 

The 


at room temperature for all samples are listed in 


values of the critical shear stress measured 
Table 1 along with values corresponding to the same 
concentrations which are taken from a smooth curve 


drawn as an average through all data available.“ 2> %) 


198 
2.5} | 
4.2°K 
2.0F 1 
/ ° 
/ 78°K 
i & 
/ 
/ 
/ 
1.5} 
Oo 
297°K 
| 
3 65 
3.6184,15% Zn 
a* 
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AND 


TABLE l. 


CRITICAL 


SHEAR 


Critical resolved shear stress at room temperature, orientation lattice parameter, 


and approximate composition 


Orientation” 
(deg) 


Lattice parameter 


(A) 


Sample 


CuZn | 
CuZn 2 
CuZn 


3.6792 
3.6770 
3.6548 


CuZn 5: 
CuZn 5 


3.6335 
3.6340 


0005 
0005 


56h. 70 
41, 564, 70 
Assumed 
41, 864, 87 
434, 484, 794 
44,48,82 
174, 73, 84 


CuZn 
CuZn 7A 
CuZn 7B 
CuZn 8 


3.6162 
3.6179 
3.6185 
3.6558 


0005 
0005 
0005 
OOLO 


Notes 


” Samples 5A and 5B were grown together as were samples 7A and 7B. 


The angles between the specimen axis and the three [100 


Critical resolved shear 
\pproximate 
composition 


per cent Zn) 


(at, 


poles. 


ty pe 


*) These values are from a smooth curve, drawn through the plot of data from ref. (1), (2), an 
values. These would be very reasonable values to use in determining the absolute resolved shear 


in Figs. 1 and 2. 


Sharp upper yield points were found at room 
temperature (for the first test after annealing) in 
those samples where the zinc concentration was 
more than about 1 atomic per cent. This is in agree- 
ment with the findings of Ardley and Cottrell.‘ 
However, all our data correspond to lower vield- 
point values, since only the first test in each set 
of tests showed an upper yield point. 

The curve through the values of the ratio taken 
at 4.2°K in Fig. | 
concentrations less than 10°, 


is shown to be indefinite for zinc 
,, and the other curves 
(for 78°K and 195°K) might not actually run through 
a common point. However, it should be emphasized 
that, as shown in both Figs. 1 and 2, for zine con- 


4% the 
stress at 4.2°K is definitely lower than that at 78°K 


centrations less than about critical shear 
This result is not affected by the order of testing o1 


the temperature history between tests. 


DISCUSSION 

The large difference in mobility between zinc and 
copper in a-brass'” causes formation of vacancies 
and voids by dezincification at elevated temperatures. 
In our growing of crystals by the Bridgman tech- 
nique, the vacancy formation is enhanced by the 
crystals remaining for two or three hours in the 
dezincification temperature range and by the vaporized 
zinc having a sink at the cold end of the crucible. 

In discussing our results, we plan to place major 
emphasis on the role of these vacancies rather than 


We are 


then afforded the most simple explanation of our 


on the role of zine as an alloying element. 


results. 


The knee (not typical of substitutional alloys 


in the plot of CSS vs 
1, 2) 


zinc concentration at room 


temperature‘ might, for example, be explained 
by saying there is an optimum concentration of zinc 
(around 10°) for the creation of vacancy effects on 
This 


which 


the critical shear stress statement would be 


supported by our data, shows 


this 


poorel re 


producibility in region and by the even more 


pronounced knee at the lowe temperatures Fig. | 

There is a complication in the fact that. even thoug] 

the number ot 


vacancies created n \ 


consistently with the zine concentration, they mig 


group in sucl a Way as to have a maximum el 
on the CSS at a 


The 


cribed 


certain concentration 


and 


is the maximum 


most Important interesting 
here (Fig. 2) 
shear stress at about SO°K for low zin« 


This 


two 


indicates the existence (in «-bri 


distinct and perhaps 


independe! 
temperature on the critical shear stress 


i) The usual decrease in the CSS wit] 


temperature This has been discussed 


length’® 


That is, 


papers at but general 


be stated here that the thermal! 


a dislocation can aid it in overcoming 
the generation of y 


higher 


thermal 


as necessary acancies or inte 
a jog 10 The 
the 
the 


or the external force required to cause displacement 


stitials the 
then the 


dislocation, 


by temperature 


highe mean energy of the 


and lower the critical shear stress 


of the dislocation 
(ii) An 


perature for low concentrations of solute only 


the CSS with increasing tem- 


To 


increase in 
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Measured Corrected 
30, 63, 78 0 ) 28.5 1.52 0.15 1.43 
46, 564, 63 0 ) 27.5 1.56 O.15 1.425 
43, 53, 73 0 17.5 1.49 0.13 1.33 
434, 514, 723 
3 0 8.5 1.03 0.12 1.08 
0 O5 O51 
0 1.4 0.76 0.10 0.64 
0 1.6 0.72 0.10 0.67 
0 18.0 1.31 0.13 1.34 
i (3), and the author \ 
the ratio plotted 
4 
1956 
4 
They ar 
of 
parriel uc! 
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effect has not been 


least a possible 


this 


requires at 


the authors’ knowledge 


observed before and 
explanation. 

The existence of the Bauschinger effect" and the 
elastic after effect?) in x-brass single crystals would 
indicate that this increase in the CSS with increasing 
caused during the so-called 


effects 


temperature might be 


elastic extension. These two indicate that, 
prior to the yielding of «-brass under stress, there is 
displacement and locking of dislocations away from 
their potential minima. 

If we say that the locking is by vacancies or groups 
of vacancies, we can assume that the extent of the 


locking (or the jog configuration) is temperature 
dependent, since, in general, the vacancies picked 
up by the moving dislocation (or moving extended 
dislocation) would not lie directly in the path of the 
dislocation and would be required to diffuse to it 
perhaps by moving only one lattice spacing) from 
planes adjacent to the plane in which the dislocation 
is moving. The lower the temperature, the lower 
would be the rate at which such diffusion could take 
place; and the lower the concentration, the lower 
the diffusion rate as well as the number of vacancies 
available to the dislocation at any _ particular 
temperature. 

If the concentration of vacancies is high enough, 
then even at the lowest temperatures the moving 
dislocation could pick up enough vacancies directly 
in its path to have an optimum or perhaps saturating 
CSS. without maximum in the 


effect on the 


CSS vs. 


any 
We see this in the curve 
Although there 
about LOO°K 
effect. if it 


temperature curve. 
Fig. 2) corresponding to 18°, zine. 
inflection at which 


slight 


might still be an 


would indicate a diffusion exists 
at all it is not pronounced and there is no actual 
maximum in the CSS as there is for concentrations 
below about zine. 


FURTHER OBSERVATIONS 
annealing temperature was 550°C, 


CuZn-3 CuZn-5A) the 


850°C, and this caused 


standard 


The 


but in two instances and 


second anneal was made at 
a 5°, rise in the ratio at 78°K while the actual vield 
strength was lowered slightly at room temperature. 
Also there were visible voids formed in the sample 
When the sample was 
the 


The increase 


during the anneal at 850°C. 


annealed again at 550°C for 72 hours, ratio 


nearly returned to its original value. 
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in the ratio could be caused by additional dezinci- 
fication and vacancy formation at the higher tem- 
perature, while the void formation with consequent 
area would account for 


reduction in cross-section 


the slightly reduced yield strength at room tem- 


perature. Annealing afterwards at 550°C conceivably 


alters the jog configuration in such a way as to 
lower the temperature effect on the CSS. 

The curve plotted in Fig. 2 corresponding to 
approximately 18°, zine is very similar to the same 
curve plotted for pure copper with approximately 
3 fast 


other defects 


neutrons/cm? irradiation.“*) Among 
the 
a large number of vacancies and interstitials. 
When CuZn-] zinc) 
pulled at 4.2°K, it 


with audible clicks. This was definitely a real effect 


irradiated copper would contain 


(approximately 28.5%, was 


yielded discontinuously and 


and is thought to be like the phenomenon reported 


for irradiated 78°K[%4) and deformed 


copper at 4.2°K.0° 


copper at 
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FORMATION DE MONOCRISTAUX DE Cu,O ET ZnO PAR OXYDATION 
SELECTIVE D’UN FILM DE LAITON a PREPARE PAR EVAPORATION SOUS VIDE* 


N. TAKAHASHI? et J. J. TRILLAT? 


De minces films de laiton x ont été préparés par évaporation successive sous vid 
puis oxydés par chauffage dans le vide du diffractographe électronique (~10-* m/n 
a obtenir ainsi des monocristaux des oxydes Cu,O et ZnO dont Vorientation relati 


a été déterminée. On a étudié également les phénoménes d’oxydation sélective 


Cu,0 AND ZnO SINGLE CRYSTAL FORMATION BY SELECTIVE OXIDATION 
“2-BRASS FILM, PREPARED BY VACUUM EVAPORATION 
a-Brass thin films were prepared under vacuum by successive deposition of copper and 
films were then oxidized by heating in the specimen chamber of the electron diffraction 
mm/Hg). In this way, it was possible to obtain Cu,O and ZnO single crystals whose relativ: 
with respect to their base were determined. Processes of selective oxidation were then studied 


DIE HERSTELLUNG VON Cu,O- UND ZnO-EINKRISTALLEN DURCH SELEKTIVE 
OXYDATION EINER IM VAKUUM AUFGEDAMPFTEN DUNNEN SCHICHT 
AUS «-MESSING 

Durch stufenweise Verdampfung von Kupfer und Zink im Vakuum wurden diinne Schichten aus 
a-Messing hergestellt, die anschliessend im Vakuumraum des Elektronenbeugungsgerates durch Erhitze1 
oxydiert wurden (~10-* mm/Hg). Auf diese Weise erhalt man Einkristalle der Oxyde Cu,O und ZnO 
deren relative Orientierung zu ihrer Unterlage bestimmt wurde. Gleichzeitig wurden die Vorgiainge bei 
der selektiven Oxydation untersucht. 


1. INTRODUCTION celui que GOttsche a utilisé pour préparer des mono- 


On sait que lorsqu’on chauffe dans l’air certains  cristaux des alliages Al-Ag.“) La température doit 
alliages, l'un des composants s’oxyde sélectivement;"’ étre supérieure A 400°C afin d’obtenir de bonnes 
les conditions de cette oxydation varient selon la plages unicristallines; des essais nous ont montre 
température et la pression.) En ce qui concerne le que la température de 420°C était particuliérement 
laiton, c’est oxyde de cuivre Cu,O qui apparait 4 convenable 
basse température et l’oxyde de zinc ZnO qui se L’évaporation simultanée de Zn et de ¢ 
1) 


forme a haute température. ' Toutes les recherches d’un méme four est au contraire trés difficil 


sur l’oxydation sélective effectuées jusqu’a présent cuivre s’évapore aprés qu’il est fondu et forn 


par diffraction électronique ont été effectuées par  sphére liquide, tandis que le zine s’évapore d 
la méthode de réflexion; nos expériences ont pour ment sans passer par cet état 
but de les compléter en utilisant la méthode plus Dans ce travail, nous avons év: 
précise de transmission. le zine successivement en utilisant deux 
Nous avons préparé dans ce but un monocristal de tout prés lun de I’ es deux 
laiton « a l’état de film mince par évaporation dans faisant sans rompre le vide entre cha 
le vide et effectué des expériences d’oxydation de cet Il est important ad’ vaporer d abord 
échantillon en le chauffant dans le vide contrélé du ensuite le zinc, car sinon lon ne peut 
diffractographe électronique.) monocristal 
Apres refroidissement lent du support 
2. EXPERIENCES 
dissout dans l’eau distillée et le filn 
Un monocristal de laiton x est préparé par évapora-  j.cueilli sur une arille de nickel 
tion successive dans le vide de cuivre et de zine sur gy ygi¢ par diffraction électronique 
une surface fraichement clivée de sel gemme portée = cous jncidence normale: il est chauff 


& 420°C. L’appareil d’évaporation est s mblable a fractographe lui-méme,‘®? sous un vide de : 


raceived May 7. 1955. Hg, ce qui permet de suivre sur l’écran 1 

Université de Yamanashi, Kofu, Japon. phénomeéne d’oxydation progrossive dua 

+ Laboratoire de Rayons X du C.N.R.S.-Bellevue (5. and O.) 
France. 
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1. 


Laiton a. 


3. RESULTATS 


Monocristal de laiton « 


diagramme d’équilibre, le laiton « 


consiste en une solution solide de 


D’aprés le 
existe entre 0 et en poids de zine: on sait qu'il 
Par 


substitution d’atomes de Zn aux atomes de Cu dans 


substitution. 


la maille cristalline de Cu, celle-ci passe de 3,608 A 
(Cu) a 3,68 A (laiton «) pour 30°, en poids de Zn, 
mais le réseau cristallographique reste toujours 
cubique a faces centrées. 

La Fig. 1 


correspondant a un 


montre le diagramme de diffraction 


monocristal de laiton x ainsi 


préparé; son plan (100) est toujours paralléle a la 


surface clivée (100) du support de sel gemme. 
Quand la préparation est inclinée d’environ 30° par 


rapport au_ faisceau électronique, l’intensité de 


quelques-unes des taches principales s affaiblit et de 


Fic. 2. Laiton «x. Film rapport au 
faisceau d’électrons. Quelques taches dues a l’oxyde de cuivre 
Cu,O0 
laiton 
la Fig. 


incliné de 30° par 


apparaissent aussi, mais les taches correspondant au 


% sont aisément identifiables par comparaison avec 
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nombreuses taches supplémentaires apparaissent, 
dont certaines sont disnosées en croix (Fig. 2). 

Un tel phénoméne a déja été observé par Briick’® 
dans le cas de monocristaux métalliques et discuté 
Laue,'®) Géttsche.@ En 


particulier, G6ttsche explique l’apparition de toutes 


en détail par Menzer,” vy. 


les taches supplémentaires par formation de macles 
submicroscopiques et de défauts de réseau; nous en 


publierons ultérieurement les détails. 


2. Monocristal de 


Le monocristal de Cu,O se forme souvent trés 


facilement aprés une simple action de l’eau sur le 
film composite de Cu et de Zn; il se forme aussi 


quand on chauffe l’échantillon dans le vide du 


diffractographe (2 « 10-3 m/m Hg) a une température 
inférieure a 300°C; il se dissocie ensuite aux tempéra- 


tures supérieures. En général, cependant, la structure 


Fic. 3. Oxvde de 
cristallin de laiton x. 


cuivre Cu,O formé sur le film mono- 
Trois orientations sont observables. 


nest pas parfaite et le diagramme de diffraction 


montre une organisation plus ou moins fibreuse 


(Fig. 3). Trois orientations relatives entre Cu,O et 


le support sont observées, dont la principale est: 


(001) Cu,0O || (OOl)x et [010] Cu,O || [O10}x (1) 


(plan et aréte du cube des deux cristaux respective- 


ment paralléles). Les deux autres orientations sont: 


(111) Cu,O || (OOl)x et 


[110] Cu,O (2) 


et (111) Cu,O]| (OOl)x et [110] CuO [110]x (3) 


Ces trois orientations sont schématisées sur la 
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Fig. 4; les ares provenant de l’orientation (1) pré- 
sentent la plus forte intensité. 

L’effet de diffusion secondaire est observable et 
conduit 4 apparition de nombreuses taches irration- 
nelles. Leurs positions théoriques sont indiquées sur 
la Fig. 5 en méme temps que les taches principales 
de oxyde Cu,O. Cet effet se manifeste encore plus 
nettement dans le cas de ZnO que nous étudierons 
plus loin. 

L’un de nous a déja constaté que l’oxyde de cuivre 
Cu,O se forme toujours pour le laiton « comme pour 
le laiton #, a partir des directions correspondant aux 
groupements atomiques les plus denses, soit [110] 
pour le laiton « et [111] pour le laiton f. Ceci est 
confirmé pour d'autres processus d’oxydation; ainsi, 
dans le cas de loxydation anodique du laiton «, on 
observe des orientations relatives entre l’oxyde et 
Fic. 5. Diagramme théorique relati 


l’alliage identiques a celles indiquées plus haut pour 
grands cercles blancs sont relatifs aux taches du 


loxydation par chauffage. les moyens, noirs, correspondent a l’orientation 
petits cert les blancs et noirs respectivement aux deux orient: 
tions (2) et (3). Celles-ci se répetent autour de chaque 

du laiton x par effet de diffusion secondaire; les details 


represt ntés dans le carré délimite par des tirets 


sulterait le développement privilégié des plans 
octaédriques (111) définis par ces directions. 


Les orientations (2) et (3) sont équivalentes; elles 


peuvent se développer en méme temps. On peut les 


expliquer par lhypothése du glissement de rotation 
(10 


(‘rotational slip’’) proposée par Wilman,”®? qui, dans 


ce cas, aurait lieu suivant le plan octaédrique 


3. Formation de Poxyde d 


L’oxyde de zine apparait a l'état de plages mon 


cristallines quand on chauffe des plages monocristal 


Fic. 4. Schéma montrant les trois orientations relatives 
lines de laiton x. au-dessus de 450°( dans le 


entre oxyde de cuivre Cu,O et le support de laiton x. Les 
petits cubes indiquent les mailles élémentaires de Cu,O et partie! du diffractographe éler tronique za Structure 
le grand cube 64 mailles élémentaires du laiton x. Les plans 

hachurés sont paralléles aux faces du cube du laiton x. Les 

chiffres correspondent aux orientations (1), (2), (3) men 

tionnées dans le texte. 


L’apparition de Vorientation (1) se comprend 
facilement par le fait que les atomes d’oxygéne 
entrent dans la maille du laiton « pour former l’oxyde 
de cuivre: le réseau se dilate de 3,68 A (laiton «) 
4,25 A (Cu,O). 

Les orientations (2) et (3) semblent apparaitre 
apres que lorientation (1) se soit développée: les 
atomes de Cu traversent la couche d’oxyde Cu,O 
déja produite et, du cété extérieur a cette couche, se 
combinent avec les atomes d’oxygéne. 


La direction (110) suivant laquelle les atomes de 


Cu ont la disposition la plus dense, jouerait le rdéle 


principal dans la formation de l’oxyde et il en ré- Fic. 6. Oxyde de zinc formé sur 
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Schema montrant les deux orientations relatives 


Fic. 7. 


entre oxy de de zine et le support de laiton Oo. 


monocristalline est d’autant plus parfaite que la 
température est plus élevée et que la durée de chauf- 
fage est plus longue. La Fig. 6 montre le diagramme 
de ZnO obtenu a partir de l’échantillon ainsi chauffé 
& 450°C pendant trente minutes. Les grosses taches 
correspondent au réseau cubique a faces centrées du 
laiton «. Les petites taches sont dues a l’oxyde de 
zinc; elles peuvent étre facilement indicées et leur 
disposition indique que le cristal hexagonal ZnO se 
développe de fagon a ce que le prisme hexagonal soit 
perpendiculaire a la face du cube et que les diagonales 
du plan de base (0001) soient paralléles a celle de la 
diagonale [110] du laiton x En considérant les deux 


directions équivalentes de cette derniére diagonale, 


Fic. 8. Diagramme théorique qui explique le cliché 6. Les 
gros cercles noirs montrent les taches dues au laiton x. Les 
petits cercles noirs et 


de ZnO (4) et (5 


fusion secondaire sont 


blancs correspondent aux orientations 
respectivement. Les taches dues a la dif- 
montrées, de la méme maniére que 
sur la Fig. 5, dans le premier quadrant des taches de laiton «, 
(1010) jusqu’a 


nm tenant des reflexions a partir de 


2020), 


compte 


rICA, 
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il apparait deux orientations de ZnO schématisées 
sur la Fig. 7, a savoir: 


(0001 ZnO || (OO1)x et [1120] ZnO || (4) 
et 


[1120 


(0001) ZnO || (O01)x et 


ZnO || {110}x (5) 


Autour de la trace du faisceau direct, les taches 
ZnO 


apparaissent en méme temps que de trés faibles 


correspondant a ces deux orientations de 
anneaux de Debye-Sherrer, qui indiquent la forma- 
tion de microcristaux orientés au hasard. Elles sont 
représentées sur la Fig. 8 par des petits cercles noirs 
et blancs disposés sur des anneaux de Debye-Scherrer 
de grand diamétre. Dans le cas présent, leffet 
dynamique est si intense que de nombreuses taches 
dues a la diffusion secondaire apparaissent aussi trés 
nettement. Nous avons représenté ces taches, pour 
le premier quadrant des taches du laiton «, en tenant 
compte des réflexions a partir de (1010) jusqu’a 
(2020). Il existe encore d’autres taches correspondant 
a des réflexions multiples d’ordre plus élevé que 
nous avons supprimées pour plus de clarté. 

En ce qui concerne lorientation relative entre 
ZnO et le support de laiton, on trouve, comme pour 
Cu,O, que c’est encore la direction de densité atomique 
maxima (110 
1120) de 


atomes de Cu 


du laiton « qui est paralléle a la 
ZnO. 
ceux de Zn 


direction Par remplacement des 


par dans la couche 
supertficielle, cette direction (1120) de ZnO se développe 
parallélement a la direction (110) du laiton « et le 
plan (0001) de ZnO apparait pour la méme raison que 
les plans (111) dans le cas de Cu,O. On peut expliquer 
de la méme facon l’apparition des orientations (4) 


et (5). 


4. Discussion sur Voxydation sélective 


Pour de faibles pressions d’oxygéne et a des 
températures nettement inférieures au point de fusion 
du zine, on peut admettre que la pression de vapeur 
du zinc étant beaucoup plus grand que celle du 
cuivre, et la mobilité des atomes de cuivre plus grande 
que celle des atomes de zinc, la surface du laiton « 
s’enrichit en atomes de cuivre, ce qui favorise la 
formation de l’oxyde Cu,O. 

A haute température au contraire (supérieures au 
point de fusion du Zn, 419°C), les atomes de Zn se 
déplacent facilement vers la couche superficielle ou 
la pression de vapeur de Zn est trés grande et ou 
sa combinaison avec les atomes d’oxygeéne a lieu 
facilement. L’oxyde de cuivre Cu,O a tendance a 
étre réduit, soit sous l’action réductrice du zinc, soit 
par dissociation de l’oxyde lui-méme dans le vide. 


(Nous avons en effet observé que l’oxyde de cuivre 
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a tendance a se dissocier dans le vide A une 


température de l’ordre de 450°C), ce qui explique sur 


les clichés la disparition des taches dues 4 Cu,O. En 


outre, la position des taches principales du laiton « 
montre que la maille de celui-ci varie par suite de la 
formation de ZnO, qui, en provoquant un départ 
d’atomes de Zn, améne la contraction du réseau de 
ce dernier. 
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CEMENTITE 
FRANK 


Some characteristic 


MORPHOLOGY 


and 


K. 


IN PEARLITE* 


E. PUTTICK?T 


growth patterns of cementite in pearlite, revealed by electron microscopy, are 


discussed in terms of the geometry of growth and of diffusion and surface energy factors. These include 


a) linear discontinuities in the lamellar structure, which are shown to be one possible origin of branching, 


b) eurved and striated lamellae, 


c) acicular growth of cementite. 


It is concluded that lamellar pre- 


cipitation of cementite has its origin in anisotropy of ferrite-cementite interfacial energy. 


LA MORPHOLOGIE DE 


Que le 
électronique, 


de 


Ceux-cl comportent: 


et d’énergie surface. 


a) 
t striees, 


de 


b) des lamelles courbes ¢ 


une croissance aciculaire la cémentite. 


1 peut conclure que lk 


» interfaciale ferrite-cémentite. 


MORPHOLOGIE 


sche Wachstumsfiguren v« 


Ki 


gefunder 


charakteristi 


Betrachtungen diskutiert. 


nige 


en, werden anhand der Geometrie 
Diese 


energie umtassen 


von denen gezeigt wird, dass sie eine 


Lamellen 
Aussche id Ing 
ind Zementit 


treifte ‘ 


von Zementit il 
hat 


LA CEMENTITE 


pues modes caracteristiques de croissance de la cémentite dans la perlite, 


DES ZEMENTITS 
Zementit 


des Wachstums und von Diffusions 


mdgliche Ursache der Verzweigung sind, 


nadeliges Wachstum von Zementit. 


DANS LA PERLITE 


obser es au microscope 


sont discutés au point de vue de la géométric de la croissance et des facteurs de diffusion 


des discontinuités linéaires, origine possible des embranchements. 


i precipitation de la cementite en lamelles a son origime dans lanisotropie de 


IM PERLIT 


Perlit, die elektronenmikroskopisch 
und Oberflachen 


Lamellenstruktur, 


in 


lineare Diskontinuitaten in det 


b) gekriimmte und ges 


Es wird der Schluss gezogen, dass die lamellare 


Ursprung in der Anisotropie der Grenzflachenenergie zwischen Ferrit 


The object of this note is to inte! pret certain features 


in the structure of pearlite colonies in steel. One such 


feature is a line of discontinuity in the pearlite pattern, 
l and 2. 


fairly 


as shown in Figs. Such lines of discontinuity 


found to be common when pearlite is 


are 
A possible ex- 


examined electron-microscopically 


planation is simply that two pearlite colonies growing 


the orientation in the same austenite 


1 


ni 


with same 


oralin ive met along this line: we shall. however. 


indicate a way in which the same feature could be 


produced in a single colony. 
If 


idvance of every surface element normal to itself, it 


1 convex body grows with a uniform rate 


remains a convex body. An orthogonal trajectory to 


all the instantaneous growth surfaces (a growth 


of 


trajectory) can be constructed through every point of 


of them. 


neighboring points on any one of the growth surfaces, 


any one The growth trajectories through 


except the first, pass through neighboring points on 
any other. The first surface, but no other, may have 


> 


1 August 3, 1955. 
H. H. Wills Physical Laborat ry, 
Bristol, England. 
* The experimental 
been described in another publication by 


University of Bristol, 


work have 
K. E. P.), 


this 


ot us 


techniques used in 


one 


to appear shortly. 
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if it does. growth trajectories 


through non-neighboring points on the later surfaces 
The 


uniform over the 


edges or corners: 


meet at these edges or corners. requirement 


that the rate of normal advance be 
surface is not critically essential. If the growth-rate 
is a function of the orientation of the surface element. 
if the 


namely, if a three-dimen- 


these statements remain true function is a 
sufficiently smooth one; 
sional polar diagram of the reciprocal of the growth- 
rate as a function of the orientation of the normal is 
A proof may be given on the 


of Wulff’s 1) 


bearing in mind that the inverse of a sphere through 


itself a convex body. e 


of 


lines Herring’s discussion theorem, ' 
the origin is a plane. 

We apply these considerations to the growth of a 
pearlite colony. If at any stage considered as initial 
the boundary of the colony is convex, and growth is 
sufficiently uniform for it to remain so, the pattern of 
edges of cementite sheets in any portion of its surface 
area can be continuously propagated into the later 
boundaries. The spacing between sheets will increase, 
unless branching or folding of the sheets occurs, or 
new sheets are nucleated. It is indeed possible, and 
probable, that some of these events do happen, but 


inexplicable that, with a convex growth boundary, 
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Linear discontinuity in lamellar 


7500, 


branching should occur in various sheets at points 
along a line to produce Fig. 1. 

The situation is altered if there is a concavity in the 
growth front: for then, unless the concavity gives 
rise to accelerated growth, growth trajectories from 
the concave region meet either in a point or a line 
The the 


optical analogue, will be 


focus. latter, i.e., an astigmatic focus in 


the more general case. 
Beyond the focus there will be a groove in the growth 
surface, and neighboring points either side of the 
groove derive from non-neighboring points in earlier 
growth surfaces. The locus of this groove in three 
dimensions will be a surface at which, in pearlite, 
the three-dimensional 
This will be 


line of discontinuity in the pattern in any arbitrary 


there is a discontinuity in 
pattern of cementite sheets. seen as a 
cross-section. 

It is this that 


pattern in the growth surfaces should be propagated 


not essential for conclusion the 
along the growth trajectories defined, as above, as 
the The 


pattern probably extends in directions intermediate 


normal to growth surfaces. cementite 


between the trajectories so defined and crystallo- 


graphically determined preferred directions: but in 


any case, as the pattern is inherited through successive 


positions of the growth front, if some part of the 
growth front has finally no inheritance along the 
general a 


A definite 


area of the continuous pattern is eliminated, shrinking 


normal trajectories, then some part, in 
different part, has finally no inheritance. 


to a singular point or (more usually) line at which a 
discontinuity of pattern will be visible. 
At least two ways can be suggested by which a 


concavity in the growth surface of the colony can be 


CEMENTITE 


MORPHOLOGY IN 


Jinear discontinuity 
7500. 


produced. One is pre-existing inhomogeneity in the 


austenite (Fig. 3). Since the radii of curvature of the 


boundary continually increase during growth, the 
severity of such a perturbation necessary to produce 
concavity diminishes. Even in perfectly homogeneous 
austenite, we can anticipate irregularity in the growth- 
rate of pearlite from the dependence of growth-rate 
In an analysis which should be at least 
Zener that the 


opposing influences of diffusion (favoring fine spacing) 


on spacing. 


qualitatively correct indicates 


and interfacial energy, favoring coarse spacing 


determine an optimum spacing at which the pearlite 
fastest In an expanding colony the actual 


than the 


STOWS 
spa ing will no doubt be greate optimum 
This 


group 


will make for uniformity of spacing, for any 


closer together than he 


of cementite sheets 


average will grow al spread apart a littl 


If the spacing 


make the spacing more uniiorm 


optimum or closer. a group closer than aver: ore 


be retarded and left behind Any branching pr 


must give rise to temporary crowding and 


ineffective in increasing the number of growil 
if this increased crowding retards the growth 


as the colony STOWS the spacing between sheets 


until it is such that branching will 


Any 


irregularity in the growth front 


should increase 


accelerate the growth such event produces an 


From these consider- 


ations we mav see, however, that concavity in the 


cross-sections transverse and parallel to the cementite 


sheets can have different consequences. In the case 


of the former, growth into the concavity will clos up 


the spacing, and this may cause sufficient acceleration 


to remove the concavity withdut the production of a 


focal groove. No such effect operates in the othe 


i | Lak. & Gem 
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a) A trough is formed in the growing colony surface by 
inhomogeneity in the austenite, or anomalous interlamellar 
Arrows indicate growth trajectories. 


spacing. 


-* 
ee? 
~ 
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(b) Growth of cementite sheets normal to their boundaries 


at such a point results in a focal groove, with discontinuity 


in the lamellar pattern. 


(c) If growth-rate is not sufficiently inter- 
leaving, the and accompanying discontinuity will 
continue during further growth. 


increased by 


groove 


' 
' 
' 


d) Interleaving will follow from this discontinuity if the 
consequent decrease in spacing gives a growth-rate greater 
than the existing velocity by a factor sec 4d. 
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direction, so that focal grooves should be more easily 
produced transverse to the cementite: they will, of 
course, also be more easily recognized in this position. 
The process described may itself be one of the chief 
branching mechanisms: for the discontinuity in the 
pattern gives an opportunity for the sheets of cemen- 
tite to interleave and give a closer spacing. This will 
only occur if the resulting acceleration in growth-rate 
is by a factor exceeding sec (46) where 180 d is 
the The ultimately 


diminishes with continuing growth, so that the simple 


groove angle. groove angle 
discontinuity in the pattern may continue for a while 
and then be followed by interleaving. 

Fig. 4 shows another feature of pearlite structure 
revealed by electron microscopy and_ requiring 
interpretation. The cementite sheets have striations 
This 


reasonably be (a) the growth direction, (b) a crystallo- 


all running in one direction. direction may 
graphic direction of low index in the cementite, (c) a 
crystallographic direction of low index in the ferrite: 
these are not necessarily exclusive. It is further noted 
that certain regions on the cementite sheets are free 
from striation, and that all these regions have parallel 
orientation. The same plane of orientation occurs 
frequently in the steps of the striated portions. This 
suggests very strongly that the plane in question is 
one of relatively low interfacial free energy, y, for the 
ferrite. If this 


orientation gave a sufficiently deep minimum of y (the 


contact between cementite and 
precise meaning of ‘‘sufficiently deep” being given by 
Herring’s discussion already cited), the consequence 
would be that where possible the cementite would 
grow as a plane sheet in this orientation, but that 


when constrained to grow out of this plane (e.g., by 


Fia. 4. 


(specimen tilted 30° from normal), 


Curved and striated cementite lamellae 
10,000, 
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neighboring cementite-growth depriving it of a supply 
of carbon from one side), it would still utilize this 
plane over part of its area, alternating with strips of 
other orientations of higher free energy sufficient to 
produce the required mean orientation at the lowest 
cost in interfacial free energy. The preferred plane 
will almost certainly be one of low crystallographic 
indices in either the ferrite or the cementite, or both. 
The striation direction lies in the preferred plane, but 
we have no evidence on which to choose between the 
two possibilities that it is the component of the growth 
direction in that plane or that it is a crystallographic 
zone axis. 

Dependence of the interfacial free energy y on 
crystallographic orientation has a direct bearing on 
the fundamental sheet-like rather than rod-like habit 
of cementite growth in pearlite. Consider the alterna- 
tive patterns of parallel sheets, with spacing period p, 
and parallel rods in a hexagonal array with lattice 
parameter a (Fig. 5). Then the thickness of a cemen- 
tite sheet must be xp and the radius of a cementite rod 
must be 


(4/3/27)! ata 


where ~ is the volume ratio of cementite. The inter- 


facial free energy per unit total volume is for sheets 


and for rods 


2ary'| (4 3/2)a v' la 


where we have distinguished y’, a mean value over 


the surface of a rod, from the single value y appropriate 
to a sheet. 
The 


required for carbon to reach the cementite is, in the 


greatest transverse distance of diffusion 


case of sheets 
d 
and in the case of rods 
d’ a 
at l/y/3 
If we set s’ s, we have 


a/p 


And thus 


d'/d 


2 (1.1050? — «)y’ 


y, this ratio is less than unity for any value of 


0.78: in normal pearlitic steels x ~ 1/7, making 


CEMENTITE 


MORPHOLOGY IN 


Pp 


(b) 


Comparison of lamellar 


FIG 


pearlite (growth airection normal t« 


the ratio 0.64. Thus. ify’ y, rods have the advantage 


over sheets. Our treatment is an inexact one, and 


probably unduly favorable to the sheet pattern since 
this gives a large fraction of the cross-sectional area 


at nearly the maximum distance from cementite 


The inference is that the sheet-like habit is not to be 
expected if the interfacial free energy is independent 
understood if the 


interfacial free energy in preferred planes is two o1 


of orientation, but can be readily 


three times smaller than in other orientations of the 


intertace 


2()9 
=a 
(a) 
O 
¢) 
O 
r 
. 
\ 
2 [(277a/34/ 3)? aly /(1 
<i Fic. 6, Laths and rods of cementite, x 11,250 
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A corollary to this is that when the cementite 
growth is forced out of the preferred planes and the 
interface becomes a composite one, partly in preferred 
planes and partly in others of higher free energy, the 
growth may be expected to break up into rods if the 
departure from the preferred plane exceeds a limiting 
magnitude. Examples of this type of growth are not 
uncommon (Fig. 6). 

Once the rods from the disturbing 


STOW away 


environment which forced the growth into an un- 


preferred direction, they have the opportunity to 


spread out again as sheets in the preferred plane: 
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this gives us another mechanism for multiplying the 
number of sheets in a pearlite colony. 
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LETTERS TO THE 


Crystal Boundary Hardening in 
Deformed Metals revealed 
by Scratch Tests* 


Tuchschmid™ has pointed out that only by 
statistical analysis of a great many microhardness 
measurements on strained crystalline aggregates may 
one obtain definite information regarding any con- 
centration of strain-hardening at the crystal boun- 
daries. He reviews the work of Boas and Hargreaves) 
to mention some 


The data 


in this connection, but I should like 


earlier work?) using seratch tests. then 
STRETCHED IR 


H 


obtained on stretched coarse-grained iron have been 
Fig. 1, 


strain-hardening 


plotted in and are independent evidence 


suggesting that increases as boun- 
daries are approached. 
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The Relation between the Electrical Resistivity 
and the Yield Strength of Deformed Copper* 


During the past five years the influence of cold- 
working on the resistivity of metals has been the 
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The main 


reason for this interest is the possibility of describing 


subject of a number of publications 


this increase of the resistivity as the sum of at least 


four different effects. One separates these effects by 
We made 


with a 


annealing at different temperatures 


experiments on commercial coppet residual 


10-1! Om in th 


the 


resistivity of 6 annealed state 


Fig. I(a) 


stretching 20°, 


gives resistivity at ifter 


and annealing for 30 min at different 


temperatures The dotted curve was obtained from 


the results of Manintveld, drawn curve was 


Also the 


a plastic strain of 0.15 is 


and the 


composed alter our Own measurements 
vield value (the stress at 
given (b). 

The resistivity and the yield stress are measured on 
the same wire in liquid nitrogen. For every annealing 
pulse of 30 minutes a was used 

Fig. | 
the dislocations disappeat 


More 


vield stress as a function of the 


new wire 


From it appears that in this case at 280°¢ 


information is obtained when we plot th 


ESIStLVItY Tor constant 


strain and variable annealing temperature. Fi 


shows the results fol coppel wires strained 5 


20, and 25% About this figure we can mak 


following remarks 


1. The 
represents the three restoratior 


of Fig. |] 


curves ol 


horizontal part of the 


The resistivity varies 
p 
2. We assume that step Ill does not 


when the 
vield stress and that in the first stag 
recovery the decrease of the viel 

step 


represents then the resistivity of the dislo« 


deere ase ol 


to the 


the vield stress after 20°, deformatio1 fF 


B, 


3 shows these points 


five 

Fig 
E-F 
function of the resistivity of 
The 


relation during annealing 


CrOSSINg 


pomts 


represents the vield res 


during 


the dislocations 


F-S-A ive the 


stretching curves like same 


» 


3. As in the recrystallization re 


o10n the \ ield stress 


and the resistivity vary much with the 


temperature, inhomogeneous annealing of the wire 


might cause a larger decrease of the vield stress than 


of the resistivity Experiments arranged in this 


direction showed that the influence of the inhomo 


geneity of the temperature was negligible. 


B NDARY 
1440+-(00 
4 
1956 001) 100 2 
10, | 5 
UU> 
BOL_ ‘ 2 
MM steps (I, II, and 
- 
D, E, F ar tained 
In this figure 4A—B—-C—D 
ut 195° sa 
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strongly (F—S) and a part where the yield stress is 
(S-A). The F-S 


attributed to polygonization. The recrystallization 


4. Pry and Hennig“ have shown that there exists 


a single-valued relation between the extra resistivity almost constant part might be 


due to dislocations and the yield stress. The same 


result was obtained by Korevaar.) This dependence then takes place between S and A. 


Lo) 


200 3 


—————= YIELD STRENGTH AT -195°C (kg/mm?) 


———1 TEMPERATURE (°C) 


Fic. l(a). Remaining part of the extra-resistivity, after 
annealing 30 min, as a function of the annealing temperature. 
same 


(b). Yield 195°C after the heat- 


treatment. 


strength at 


clearly does not exist in the general case. One can 


obtain, e.g., at a dislocation resistivity of 10-10-" Qm 


anv vield stress between 8 and 30 kg/mm?. 


For the sake of completeness we note that we define 
the resistivity of the dislocations in a way different 
from that of Pry and Hennig. This difference does 
not influence the conclusions. 

5. This result shows that, when the resistivity is 


proportional to the concentration of dislocations, 


10 


Yield strength at 195°C as a function of the 


extra resistivity during annealing. 


the yield strength depends markedly on the position 
of the 
difficulties of the theory of work-hardening. 

6. The Fig. (e.g., F—S-—A) 
divided in a the yield strength varies 


dislocations. It is a good example of the 


curves of can be 


part where 


10 15 20 
RESISTIVITY OF DISLOCATIONS 
pm) 

Fic. 3. Yield strength at 195°C as a function 
of the resistivity of the dislocations (this figure is 
obtained from Fig. 2). 

This view X-ray diffraction. 


It appeared that the texture, which remains unchanged 


was supported by 


during deformation and the first stage of mechanical 
recovery (F-—S), changes markedly between S and A. 


Fic. 4. The total increase of the resistivity (P), the resisti- 
vity of the dislocations (Q), and their ratio (Ff) as a function 
of the strain. 

7. Fig. 4 (obtained from Fig. 3) gives the total 
increase of the resistivity P and the resistivity due to 
Curve R 


This ratio is almost 


dislocations ) as a function of the strain. 
gives the ratio of the effects. 
constant (between 0.4 and 0.5). 


20} 59} 
40 8 t 
30 +—— 
10 | Cc 
| 
10} 20}+— + 
8 B 
A 
0 
A 
2. 


"ERS TO 

8. The resistivity of the dislocations is not in 
accord with the calculations of Hunter and Nabarro. 
To illustrate this, we take for example the dislocation 
resistivity at a strain of 25°. According to Hunter 
and Nabarro, this resistivity must be caused by 


2 eV per atomic plane is the energy of a dislocation, 


10'? dislocations em~*. When the low value of 
we find a stored energy of 2.3 cal/em*. This is about 
20°, of the work done in stretching. It is about ten 
times larger than the measured values.‘® 

This work is part of the research programme of 
the research group ‘Metals F.O.M.-T.N.O.” of the 
“Stichting voor Fundamenteel Onderzoek der Materie’”’ 
(F.0.M.), and was also made possible by financial 
the 
zuiver wetenschappelijk Onderzoek”’ (Z.W.O.). 


C. W. BerGuourt. 
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Internal Friction in a-Iron due to 
Interstitial Solutes* 


Recently Lagerberge & Joseffson™) obtained ex- 
P 

pressions for the anelasticity of an 

L110 


Being unable to integrate their expressions, 


rendomly oriented crystals and of a wire with a 
texture. 
they obtained approximate solutions only. Methods 
for obtaining exact solutions are given below. Where 
possible, the notation of Lagerberg and Joseffson 
is used. 
(a) Wire 
expression was used by Rawlings and Tambini,"° 


with a random orientation—A_ similar 


and is solved by changing to polar co-ordinates, 


y? = 6,22 = 1 — = cos? y, and y/x = tan 


3a 
dq do 


| 
ean 


where f (9,¢) 


aggregate of 


THE EDITOR 


This reduces to 


mean 


(max 


where EH Young’s modulus for an agegreg: of 


randomly oriented crystals. Using the same constants 


as Lagerberg and Joseffson. we calculate 


a 0.757 10-1? cm?/dyne 


b 1.216 10-! em?/dyne 


Taking # 2.06 


dyne cm”, we obtain 


(max A 0.647 


mean 


(b) Wire witha (110) texture 


(18) of Lagerberg and Joseffson, we have 


Starting from 


0.866 


mean 


110) 
1.608 


The second part of the integral is 


dw 


0.866 
L.608 F'(w) 


du 
0.866 


J0 O.3015 cos! w 


9 
0.4975 O.PO] COS* 


I, 


Substitute, tan w 


40527 
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6 
A . 
4 = 
da 
r dw 
| r- 
da 
Then. 
?.01 
1.74 
where { ( L/2S(1/t | 
B D | /2t 
and 0.655, f 1.417 
sA 
(Qa + s B 
I, 1.74 | 7 
4 
2 
1.74 In : 
) 
a Say Jo o\ 2 
b S12) 2445 


) 


Inserting this value in the original equation, we 


obtain 


110) 


A-0.754- 102 


110 


texture is greater than one without, agreeing qualita- 


That is, the anelasticitvy of a wire with a 


tively with the 


Lagerberg and Joseffson, but disagreeing with the 


experimental observation of Fast and Verrijp.‘ 
The latter found that the 
110 
oriented wire 


This 


Wrong. 


internal friction of a wire 


with a texture is Jess than that of a randomly 


Both wires had a fine-grained structure. 


that the method of calculation is 


Suggests 
It has been shown"? that the value given by 
is in good agreement with the observed 


equation (1 


values of Fast and Verrijp™ and of Rawlings and 


Tambini. A different mode of calculation by Smit 


and Bueren'® gives even better agreement (see 2). 


Smit and Bueren treat the problem of the damping of 


wire as a problem in shear and not as one of tension at 
15° to the axis (as is implied in the present analysis). 
It is difficult to see how a shear strain can result in 
this type of anelasticity (Smit and Bueren do not 
a mechanism). It seems possible, however, 
if their method of analysis were used, the low 
value obtained by Fast and Verrijp for a wire with a 
110) texture may be explained. 
R. RAWLINGS 
Department of Metallurgy, 
Unive rsity ( ollege. 
Cardiff 
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Elasticity of Zinc Whiskers* 
A large variety of crystalline solids have been grown 
(1,2,3, 4, 


as whiskers by controlled vapor deposition. 5, 6) 
The mechanism of whisker growth has been inferred 
the kinetics of 


that a 


from studies of growth mercury 


whiskers.“: 7) It has been deduced nucleus 


bearing a single screw dislocation will grow as a 


whisker of constant cross-section at supersaturations 
in the vapor phase insufficient to cause a sensible rate 
of two-dimensional nucleation. 

Consistent with the proposed near-perfection of the 
whiskers grown by vapor deposition are the observa- 
that their 


tions on a variety of whiskers‘: 9%, 10 
elastic properties approximate the theoretical prop- 
erties of perfect crystals." With the exception of 
zinc sulfide whiskers, all of the whiskers tested 
mechanically have been produced by the vapor-phase 


The 
the 


reduction of volatile metal salts. orowth 


mechanism has been established for vapor 
deposition of a pure phase. While it has been presumed 
that the whisker-growth mechanism operates indepen- 
dently of the manner in which the vapor phase is 
supersaturated, a mechanical test of a metal whisker 
grown from its pure vapor has been lacking. 

The authors’) have grown zine whiskers up to 
2 cm in length by vapor deposition of pure zine in 
a temperature gradient. It is the purpose of this note 
to report that zinc whiskers, so grown, have elastic 
properties in bending, approximately the expected 
properties for pertect crystals. 

It was observed that a few whiskers were bent 
elastically in the growth process when neighboring 
crystals sterically interfered with their growth. 
Since zine whiskers oxidize rapidly when exposed to 
air, the oxidation problem was avoided by micro- 
photographing whiskers in situ. 


The bend ot 


radius of curvature of 150 uw as measured at LOO 


most severe elastic this kind had a 


The whisker thickness was 2 «4. The maximum elastic 


strain was 0.7 per cent. To demonstrate that the 


bending was elastic, the whisker-growth vessel was 


opened and the whisker was observed to straighten 
the 
The maximum strain above is not the upper limit 


out when bending constraints were removed. 


of elastic strain for a zine whisker. The reported 
strain is sufficient to demonstrate that zine whiskers 
approximate the theoretical value for perfect crystals. 
The results support the premise that the whisker- 
growth mechanism is independent of the method of 


attaining supersaturation. 
R. V. COLEMAN. 
General Electric Research Laboratory, G.W.S®arRs. 


Schenectady, New York. 
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The Two-step Anneal of Cold-worked 
x-Brass and Silver-zinc* 


It is well known that when cold-worked «-brass 
is heated to about 200°C, the hardness, elastic limit, 
and other properties related to the motion of dis- 
locations increase slightly. This increase is followed, 
upon further heating, by the normal decrease caused 
by the removal of dislocations by recrystallization. 
The of the 


accompanied by an upper yield-point. 


increase elastic limit upon heating is 
If the appli- 
cation of stress is continued, a lower yield-point 
occurs which corresponds to the elastic limit obtain- 
able prior to heating. If the brass is then reheated, 
the upper yield-point returns. It is also known that 
if cold-worked «-brass is annealed isochronally, the 


The high- 


temperature step arises from the removal of disloca- 


decay of resistance occurs in two steps. 


tions and, as expected, occurs in the same temperature 
range as the loss of hardness. The low-temperature 
step occurs in the same temperature range as the 
This low-temperature 
the 


small increase of hardness. 
step of resistance-decay has been studied by 
short-range order 


writer and shown to arise from 


This experiment will be discussed below. It will be 
that the the 
in brass, as measured by Averbach,”! 
the the first 


Fisher’s'?) short-range 


shown kinetics of hardness-increase 


compares with 


Hence 


order can 


change of 
that 
impede the motion of dislocations, is the probable 


resistance step. 


proposal, 


mechanism for the hardness-increase. 
Tammann™ has shown that many alloys exhibit 
The 


Was 


the two-step decay of cold-work resistance. 
resistance kinetics of one of these, silver-zine, 
the 
exhibited by «-brass. Although it cannot be concluded 


studied, and will be compared to behavior 


that any alloy which exhibits the two-step decay 
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of cold-work resistance possesses short-range order, 


the results indicate that the converse may be true. 


and that, in the examination for order in an alloy 
the cold-work resistance-decay characteristics should 
ve included 


has 


Dienes 


shown by Rosenblatt Smolu- 


Evidence been 


chowski, and and by the writer™ for re- 


sistivity effects of short-range order in z-brass 


The following is a brief review of the writer’s findings 
Annealed 


390°C! 


hereafter be referred to as | 
30°, Zn) 


isothermally at a 


During the 


which will 


brass wires were quenched from 


and then annealed temperature 


in the range 200—220°C unneal the 


resistivity measured at liquid-nitrogen temperature 


was found to decrease in nearly an exponen 


fashion. Relaxation times were evaluated 


inflection point of a log-time vs. resistance plot 


The relaxation times obtained in this manner were 


found to agree identically with relaxation times 


methods. Pile-neutron 


the 


obtained by anelastic ira 


diation at 50°C decreased resistance of.a-brass 


and subsequent anneals in the 200—220°C 


the 


at the temperature of anneal 


range 


returned resistance to an equilibrium value 


The relaxation times 
for the return of resistance again agreed with those 


obtained by anelastic methods Measurements of 


resistance as a function of temperature of brass 


and 


quenched from 320°C and then annealed at 210°¢ 


showed that | 


remeasured the anneal decreased p, 


the residual resistance. and increased Pr the thermal 
part of resistance. An anneal causes larger resistance 


changes at low temperatures due to this behavio1 
Therefore, all measurements were mad 
According t 


substitutio1 


ot p, and P7 
at liquid-nitrogen temperature 


theories, anelastic effects il 


solutions arise from stress-induced chang 


The 


resistance 


order. agreement the relaxatio 


of the those of 


( hanges 


measurements leads to the explanatior 


resistance changes are caused by changes 


The examination of the 


range order 


kinetics of the first step of cold-work 


discussed in the next 
in conjunction the data on 


30°, Zn) Ac-Zn (33°% Zn 


350°C, and then drawn a 


in o«-brass will be 


with new silver 


3rass and wires were 
annealed at 


ture to 60° R.A 


room tempera- 
reduction In area) They were 
first given isochronal anneals to obtain the unnealing 


The 


in a liquid-nitrogen bath by comparing the potential 


spectra resistance measurements were made 


drop across the cold-worked wire with the drop across 
The 
the 


a dummy wire of the same alloy unneals were 


performed in a wax-bath with temperature 
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isochronal anneals of 
Ag-Zn_ respectively. 
made at  liquid-nitrogen 
perature. Curve ¢ Averbach’s 
the hardness increase caused by anneal of cold-worked x-brass. 


and B 


brass 


15-min 
and 


Curves A 


Fic. 1. 


cold-work resistance in 


Resistance measurements tem- 


(dashed) measurements of 


The curve is inverted and normalized to the magnitude of 


charge. 


the first step of the resistance 
controlled to +-0.2°C. The time of anneal was 15 min, 


after room- 


which the wire was quenched in a 


temperature air-stream. A more detailed report in | 
discusses the adequacy of this technique. Curve 


A (Fig. 


at liquid nitrogen for cold-worked brass. 


1) shows the 15-min isochrone measured 
Curve B 
1) shows the isochrone for silver-zine subjected 
treatment. The two-step 
both The 
annealing step was studied isothermally for both 
alloys. The 
B (Fig. 2) 


Curves A 


(Fig. 


to the same decay is 


evident for alloys. low-temperature 
shown in curve 
D (Fig. 2). 


time 


rass are 


results for 
for silver-zine in curve 


the 


and 
and C Fig. 2) 


vs. reciprocal temperature curves for brass (30°, Zn) 


are relaxation 
and silver-zine (33°, Zn) respectively, as determined 
Ailsa portion of the 
data of Childs 
Curve C is a portion 
Nowick.'®? 


a spread in activation 


Curve 
the 


by anelastic methods. 


curve obtained from combined 


and LeClaire'” and reference 1. 


of the curve obtained by Roswell and 


Overhauser’ has shown that 


energies about a mean will result in a lowered relaxa- 


tion time for a_rate-controlled process. It is 
reasonable to suppose that the dislocation damage 
of the high-temperature step which remains during 
the anneal of the low-temperature step will cause 
such a spread of activation energies for atomic 
migration and cause the observed lowered relaxation 


times. This, however, does not alter the mechanism, 
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and the close comparison to stress-induced changes 
in local order indicates that changes in local order 
give rise to the low-temperature step of cold-work 
resistance in both alloys. 

It was concluded in | from the resistivity behavior 
data that 
x-brass and that small changes in the degree of order 


and related short-range order occurs in 


cause the resistivity to change. Cold-work can be 


expected to destroy short-range order, and the time 
and temperature required to restore it to the equi- 
librium value at the temperature of anneal can be 
curve B (Fig. 2). The similar 


determined from 


behavior of cold-worked | silver-zine 
that 


that alloy, is destroyed by cold-work, and can be 


permits the 
conclusion short-range order also occurs in 
restored by an anneal at a temperature lower than 
that required for recrystallization. 

Fisher has shown that, in an alloy in which 
short-range order exists, the energy of ordering will 
increase the stress required to move a dislocation. 
This the 


in hardness cold-worked 


mechanism will explain small increase 


which occurs when brass 


is heated. Cold-work destroys the short-range order, 
and a subsequent heating can restore it to equilibrium 
before removal 


of dislocations by recrystallization. 


Examination of Curve A (Fig. 2) shows that about 
one hour at 200°C will essentially restore short-range 


3 


10 | | TT” 


(SECS) 


TIME 
5 


Cc 


LAXATION 


t 


1000 / T 


follows. 


and 


Fic. 2. Relaxation times vs. T obtained as 
Curves A and C—anelastic measurements of 
Ag-Zn respectively. Curve B and D 
of the low-temperature resistance step of cold-worked x-brass 


and Ag-Zn respectively. 


x-brass 


isothermal anneals 
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\ 
\\ 
\\ 
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C lo | 
| BRASS 
C} ag-zn 


TO 


that This 
is the time-temperature value reported by investi- 
The 


rate process for hardening is shown in a curve by 


order to equilibrium at temperature. 


gators to be required for maximum hardness. 
fudman, has suggested. that 


to (10) 


hardness 


Averbach,” who, with 
the 
Averbach’s curve for the increase in 


hardness-increase may be due order. 


Was 
inverted and normalized in magnitude to the first 
A (Fig. 1). Curve C (dashed) (Fig. 1) 
curve this 


step of curve 
is his hardness plotted in manner. 
Admittedly, the precision for small hardness changes 
is low and his time and temperature spacings differ 
of the but 
quite a latitude of error can be allowed before the 


The 


The restoration of short-range 


from those resistivity measurements, 
fit to the resistance-decay curve is impaired. 
conclusion is evident. 
order destroyed by cold-work not only causes the 
first but 


the stress required to move a dislocation causes an 


step of resistance-decay, by increasing 
increase in the gross properties related to dislocation 
motion. 

A numerical estimate of the quantities involved 
Because of the 


may be made from existing data. 


affecting hardness in brass, it will 
to 
of the short-range-order effect on dislocation motion 
to the vyield-point Ardley 
Cottrell."” They have shown that the upper yield- 
Zn 
have been cold-worked and annealed for half an hour 


at 200°C 0.13 kg/mm? above the 


many factors 


be more reasonable compare Fisher’s estimate 


measurements of and 


point on single crystals of 30°, 4-brass which 


about lower 
vield-point. The 
further stress to the preheated value, and Cottrell" 
that 
others, can explain this behavior. 
lattice the 
changes in short-range order in 70-30 «-brass, Fede 
and Nowick that the 
short-range order coefficient for this alloy lies in the 


lies 


upper yield-point decays upon 


mechanism, among 
On the 


accompany 


has suggested Fisher’s 


basis of 


parameter changes which 


have made an estimate 


When these order coefficients are 
of the 


range O0.01—0.05. 


included in a calculation increase in stress 
required to move a dislocation, the resulting range 
Thus it is 


factor of 


contains the experimental value. seen 


that 
5 with experimental behavior. The magnitude of the 


Fisher’s mechanism agrees within a 
difference between the upper and lower yield-points 
Ardley and Cottrell the 10°, Zn 
brass is one-quarter of that of 30°, Zn. 


Examination of Tammann’s annealing kinetics for p 


measured by for 


about 


show that the magnitude of the first step of the 
resistivity anneal for 10°, Zn brass is about one- 
quarter of that for 30°, Zn brass. Agreement again 


is obtained in favor of Fisher’s mechanism. 
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The Dependence of Grain-boundary 
Precipitation Rates on the Orientation of 
Adjoining Grains* 

Recently Gruehl and Ammann" published sor 
results of experiments on precipitation In 
of Cu-Ni-Mn and Cu-Be which had a 
They that thickness of 
discontinuous grain-boundary 


the 


specime! 


found the the 


precipitate perpe 


to common 


diculai 100-axis depended on 


relative orientation of the adjoining grains 


this effect to differences in nucleatioy 


the 


attributed 


rates on boundaries. Since they believe th 


differences in growth rates arise only from st1 


they discarded the notion that their results mig! 
he due to differences in growth rates 

It is unlikely that the data of Gruehl and Ammam 
Nucleation 


systems pro¢ ds until 


can be explained by nucleation rate alone 


on grain boundaries in these 
the boundary has been covered by precipitate 
Thereafter. furthe 


results in a slab of precipitate which thickens 


» nodules 


nucleation ce und 


ses 
The 
thickest portions of the slab are due to precipitate 
wssumed 


nodules which nucleated earliest, and if one 


orowtn rate. 


The 


no effect of boundary orientation on 


these would be equally thick for all slabs only 
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effect that nucleation rate would have is in deter- 
mining the thinnest portion of the slab, since these 
are due to the last nuclei to form. The micrographs 
of Grueh] and Ammann show (1) that the precipitate 
slabs are quite uniform in thickness for a given 
differences 


that 


there wide 
The 
nucleation ceased quite early, the second indicates 
that it deter- 
that 


are 
first 


boundary and (2) that 


in maximum thickness. indicates 


nucleation which 


. 
Smith? 


is growth and not 


mines the thickness. has suggested 


such precipitates are related in orientation to one 
of the grains adjoining the boundary, and that they 


the 


(3) 


grow into other grain. Turnbull explained 
that the mechanism by which the precipitate advances 
into the grain is by grain-boundary diffusion of the 
segregating material along the boundary, which 
sweeps through the unprecipitated material ahead 
of the grain. The growth rate would then be pro- 
portional to the diffusion coefficient in this boundary. 
Turnbull and Hoffman") have measured self-diffusion 
of bicrystals of silver tilted about a 100-axis and have 
found that, parallel to the common axis, the diffusion 
constant D times the effective boundary thickness 
6 can be expressed up to a tilt of 28° by the theore- 
tical expression 


D6 A sin 


1 and 2 are plots of the data of Gruehl and 
Although 


the data scatter considerably, the fit is quite good, 


Figs 


Ammann compared with a sin 6/2 plot. 


and one is led to the conclusion that this is grain- 
boundary diffusion-controlled precipitation and not 
the Much 
of the scatter in the data may be due to tilts about 


nucleation which determines thickness. 


the 100-fiber axis, which was obtained by directional 
cooling. 


Hoffman has measured the anisotropy of grain- 


boundary self-diffusion in silver and has found that 


Cu-Ni-Mn 
N 
10 30 40 45 
Grain boundary precipitate thickness against 
orientation difference for Cu-Ni-Mn. 


Fic. 1. 
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Cu-Be 
10 30 45° 
Grain boundary precipitate thickness against 
orientation difference for Cu-Be. 


Fic. 2. 


the diffusion perpendicular to the common 100-axis is 
slower and is much more strongly dependent on 
that 


diffusion in the boundary occurs along the easy 


relative orientation. It appears, therefore, 
direction and that the platelets which act as sinks 
for the 


perpendicular to the common axis; 


oriented 

that is, 
One 
conclude that the spacing of the platelets is apparently 


diffusing material are probably 
per- 
pendicular to this easy direction. can also 
unaltered by the orientation differences across the 
boundary. 


JoHN W. CaHn. 


General Electric Research Laboratory, 
Schene ctady, New York. 
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Geiger-counter Determinations of X-ray 
Lattice Strains in Plastically Deformed 
Aluminum Alloy**+ 


It has been reported previously that past the 
yield-stress the X-ray lattice strain-stress diagrams 
of polycrystalline metals in tension depart markedly 
from proportionality. The observed deviations are 
in many instances of an order of magnitude larger 
than the deviations predicted on the basis of Taylor’s 
homogeneous five-slip mechanism.” In more recent 
tests’ 3) performed on various materials at subzero- 


as well as room-temperature, it was found that for 


* Work supported by the United States Air Force, through 
the Office of Scientific Research of the Air 
Development Command. 
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S TO THE EDITOR 


the so-called soft orientations the trends in the 
plastic stage were in reality of a twofold nature. 
There was first a departure from proportionality 
at the start of the plastic flow, following which the 
lattice strain-stress diagram showed an _ opposite 


trend, toward the recovery of the initial slope. In an 


° 


endeavor to secure additional evidence of this tendency, 


LATTICE STRAIN (x10°) 


a new series of tests was performed in compression 


instead of tension, and the Geiger-counter technique 


of recording the X-ray intensity was substituted "9 2 “4 
for the previously used photographic procedure. TRUE STRESS (KSI) 
A special compression loading device was_ built , 
to mount on the goniometer table. The loading shaft n, GOG] ¢ 
passed through the center of hollow specimens, and mp 
Phe applied stress was measured to within 
al Vas | tig ni y S eT the ‘ . 

loa Ly is applied by tightening nut ot the end of the Several preliminary tests were made t 
shaft. Load was measured by a calibrated hollow ; : 
fs the existence of the jog shown in Fig. | 
ad-ce adjace » spec ‘he whole 
load-cell adjacent to the specimen Phe 
assembly was rotated in order to average out stress oa ; 
A contained also other variables such as different 
rariations due ossible eccentric loading, to insure 
variations due to ae le ec nent lo hn ” - waiting periods, which shifted slightly the position 
‘e represents Te Sé orains, a t i 
1 more rep! ntative umpling of grain nd to of the jog without affecting its shape The two 

i ? < >) Ss ‘ffects i size the r file 
itt nu ste puriou effe of gr iin size on tl pro symbols shown in Fig. 1 refer to two specimens teste 
of the diffracted X-ray intensity chart. The specimens 
under identical conditions. The slope 
‘re GOGOL all i 
were 6061 annealed aluminum alloy . range corresponds to a modulus of elasticit, 
zttice strains were determined fr the diffracti 
I ttice strain were determined from he d om gf 10° p.s.i., which is in excellent agreement 
records of the (420)-planes which were tangent to the 


Kiet with the previously determined tensile data. 
specimen surface. The reproducibility in terms of 4 


about the external vield (6000 p.s.i.) the initial 
attice strains was 5 10-6, which is at least : ft 
lattice un l ; departure from proportionality begins The reverse 

ice as good as for sraphic procedure irlggs 
twice as good as for the photograp | trend starts at about 11,000 p.s.i., which corresponds 


400 to 0.8°, plastic strain 
The above two trends are also reflected in the 


diagram of the residual lattice strains Fig. 2. The data 


marked by full circles are those shown 


but the squares represent an indepe ndent 


from a third specimen investigated only) 


residual strains. The full line has been de 
the diagram (Fig. 1) by assuming elastic unl 


The reasonable agreement between experiment 


computation provides additional proof of the 1 


trend observed in the plastic rahgve unde 


The observed lattice-strain results su 


in the early stages of plastic deformation the 


of the grains contributing to the $20) orienta 


LATTICE STRAIN 


might deform by a mechanism which is much simple 


than the five-slip mechanism. Recent work on single 
crystals, bicrystals, and polycrystalline materials 


seems to support this point of view.’°~” W hateve! 


the nature of the new mechanism, it ar that the 


The angular 


bv following 
-12 -4 a) extension 
TRUE STRESS (KSI) intersection, and 


Fic. 1. Lattice strain-stress diagram in compression, The strains computed 


b) parabolic interpola 


6061 aluminum alloy. Dashed lines indicate unloading. more than 30 10 
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trend revealed at the start of the plastic flow consti- 
tutes the major reason for the failure of Taylor's 


homogeneous five-slip mechanism to account quanti- 


tatively for the observed deviations in the lattice 


strain-stress diagrams. 
D. HASANOVITSH. 


Department of Engineering, M. KavuFMAN. 


University of California, D. ROSENTHAL. 


Los Angeles, California. 
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Birefringence and Twinning in Silicon * 

Polished silicon specimens exhibit complex bire- 
fringence patterns” when observed between crossed 
nicols with an infra-red image tube (“‘snooperscope’’). 
In the sharply-defined 


birefringence bands, oriented with respect to the 


present study, parallel, 


silicon structure (Fig. 1), have been observed and 


are discussed. 
When the 


extending 


etched, fine 


width of approximately 


were parallel 


samples 


traces over a 


10-1 mm could be observed coincident with each 


birefringence band. These structural features per- 


mitted accurate positioning of an X-ray beam for 


[vi] 


along 


mm; 


bands in silicon obse rved 


112). (Sample 


Fic. 1. 
the pulling 
magnification 10 x.) 


Birefringence 


direction thickness 
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4, 


studies. Laue back-reflection patterns 
the presence of 
Furthermore, the 


reflection corresponding to the twinned orientation 


orientation 


disclosed first-degree twinning. 


segmentary character of each 
evidenced the multiple nature of the twinning. The 
twinning planes are octahedral and parallel to the 
surface tracings, i.e., parallel to the direction of the 
birefringence bands (Fig. 1). 

Examination of the silicon specimens between 
crossed nicols with parallel, essentiaJly monochromatic 
‘“snooperscope”’ 


light (Si absorption edge w1.1 yu; 


limit observations: 


(a) Direction of observation along the twinning 


~w1.2), led to the following 


planes (i.e., perpendicular to the plane of Fig. 1): 
The birefringence bands were extinguished at 90 
intervals (direction of polarization parallel and 
perpendicular to the band direction) upon rotation 
of the specimen about the line of sight. 

(b) Direction of observation perpendicular to the 
twinning planes: Essentially no birefringence was 
observed. 


(a): Each 


birefringence band was compensated in turn over its 


Direction of observation as in 
full length with a quartz wedge inserted perpendicular 
to the band direction. When the quartz wedge was 
inserted parallel to the band direction, a compensated 
region covering separated birefringence bands moved 
in the direction of wedge insertion: band sections 
corresponding to the same quartz-wedge thickness 

latter 
optical 


simultaneously. These 
experimental that the 
difference is identical not only over the full length 


were compensated 


findings indicate 


of a given band but from one band to another. 


Since the specimen thickness was constant for these 
observations, the (An) the 
the observed bands. An measured 


with the quartz wedge as approximately 8 10-3: 


birefringence must be 


same for was 
the optical character is positive. Upon compensation 
of the birefringence bands with the quartz wedge, no 
residual birefringence was observed along the band 
edges. From this it can be implied that in the speci- 
the strain 
twinning) is relatively minor. In this 
it should also be mentioned that the Laue pattern 


mens studied, contribution of (due to 


connection 


discussed earlier gave no indication of a directional 
stress along the twinning axis. 

The behavior of the birefringence bands as noted 
above is analogous to that of optically uniaxial 
crystalline layers. In this respect, the optic axis 
of the uniaxial layers is perpendicular to the bands, 
i.e., parallel to [111]. A possible explanation for the 
uniaxial layers is as follows: 

Twinning introduces into the cubic silicon structure 


9 
4. 
5. 
6. 


TO 


a layer having a hexagonal configuration and extending 
a few atomic planes on either side of the twin bound- 
ary.) Thec axis of the anisotropic layer is perpendicu- 
lar to the twin plane. The layer acts as a uniaxial 
crystalline lamella and gives rise to birefringence. 
Etched studied 
to determine the degree of multiplicity of the twin 
At 1300 
the upper (brighter) band of Fig. 1 was resolved into 
The 


(weaker) band showed approximately ten boundaries. 


specimens were microscopically 


traces. , using an oil immersion objective, 


approximately twenty twin boundaries. lower 
Specimens with somewhat weaker bands showed fewer 


boundaries. It is to be expected, of course, that 
higher magnification would reveal a larger number 
of boundaries in each case. 

It is suggested, then, that the birefringence bands 
observed in silicon are due to anisotropic zones 
In this 


respect, fine traces which “resembled twins in silicon”’ 


introduced by multiple, parallel twinning. 


have been noted‘) in electron micrographs as little 
as 100A apart. It that 
the anomalous double refraction commonly observed 
attributed to 


has also been suggested‘ 


in cubic tetrahedral structures and 
strain is actually due to repeated parallel twinning 

An alternative explanation for the observed optical 
behavior lies in the presence of discrete layers of 


The 


the same relationship to the normal, cubic form of 


hexagonal silicon structure. latter would bear 


silicon as wurtzite bears to sphalerite. Conceivably, 


the postulated layers of hexagonal structure could 


be interleaved with the multiple twinning and account 


for the observed birefringence. Evidence for such 


an allotropic modification of silicon®) ger- 


manium'® 


has been offered by Konig, who indicated 
the presence of the hexagonal form in the formation of 
the cubic structure from an initial amorphous film 
By comparison, however, his annealing temperature 
for silicon (900°C) was significantly lower than that 
used (1450°C) in pulling the present specimens from a 
melt. Nevertheless, attempts were made to identify 


such a structure by X-ray and electron-diffraction 


techniques. Long-exposure X-ray rotation patterns 
taken about the twinning axis (potential c axis of the 
hexagonal) did not disclose the expected cy spacing 
of the suggested modification. A similarly negative 


result was obtained using the electron reflection- 
diffraction technique.” In this respect, surface-energy 
that a 


(8) modi- 


calculations have shown hexagonal 
fication of a diamond-type substance is unlikely 
beyond the stage of nuclei. 

W. Kaltser. 
Signal Corps Engineering Laboratories, J. A. Koun. 


Fort Monmouth, N.J. 


THE EDITOR 

References 
Bull. Amer. 
B. SLAWSON, Amer. Mine 
J. Franks, G. A. Gi 
Phys. Soc., B68, 111 
C. B. SLAwson and J. A. Ko 
tetrahedral structures, Ame1 
Penn. State Univ April 1950 
H. Konia, Optik, 3, 419 (1948 
H. Konia, Reichst Phys.. 1, 
The authors are grateful t , 
reflection-diffraction studies 


G. A. WOLFF, 


. C. Dasa, 


ACH, 


L955 


*Received 


1955 


Internal Stresses during Ordering 


the disorder-to-order transformatior 


CuAu, the crystalline structure changes from cubi 


During 


This transformation 
field. It 


when 


to orthorhombic or tetragonal 


is accompanied by an internal stress 


has been observed that polycrystalline wires 


ordered for a short time, were bent or even curled 


large as + in. in 


considerable he 


Single crystal rods, as diametet 


underwent nding during ordering 


annealing 


* Supported b 


LETTERS 22] 
ber 14, 
ONR 
& 


MET 


A very dramatic manifestation of the internal 
stresses accompanying the ordering transformation 
was observed in a three-crystal rod } in. in diameter. 
In that specimen one grain boundary, almost planar, 
was parallel to the specimen axis, and the other was 
almost perpendicular to it. The rod was heated for 
3h at 800°C, followed by 24-h disordering at 425°C. 
After this heat treatment, the specimen was transferred 
to the ordering bath at 350°C. At this temperature 
the equilibrium structure is tetragonal. After about 
45 sec of ordering, the specimen split three ways, 
exactly along the grain boundaries. A view of the 
three single crystals resulting from splitting is given 
in Fig. 1. The visible surfaces are unetched grain 
boundaries, covered with markings caused by twins? 
in crystal I (the markings on the interfaces of crystals 
II and III are impressions of twin plates grown from 
the interior of crystal I). The crystal orientation 
of all three 
that the angle between boundary normal and the 


srains was determined. It was found 


100] direction in crystal I was only 9°. the angle 


between [100], in the first crystal and [100], in 
crystal II was 42°, between [100], and [100],;,; 31 


and between [100],, and [100],,, 60°. From these 


it follows that the twinning plane is of the (110)-type. 
and 


the electrical-resistance measurements 


has been established that the 


From 
Muto’s 


disintegration of 


relation,’ it 


the three-crystal specimen took 


place when the long-range-order parameter S reached 
the value of about 0.5. 
S. KoOHARA. 


Metallurgy De partment, G. C. KuczyNskKI. 


Unive rsity of Notre Dame 


Notre Dame R Indiana. 
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Variation of Anodic Film Growth with 
Grain Orientation in Zirconium* 


Previously, a black low-resistance anodic oxide was 
reported for zirconium in nitric acid.” The existence 
of an orientation dependence was also noted. Further 
study of this effect is reported here. A large-grained 
zirconium specimen was produced from rolled iodide 


crystal bar by a strain-anneal treatment. Spectro- 


graphic analysis showed less than 0.1% As, Ba, Ca, 
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zirconium after 
have no 


Fic. 1. 
anodizing in 
anodic film. 


large-grained 
The lightest 


Appearance 0 
nitrie 
17.390 100 


acid, grains 


with all other elements less than 


Mo, P, 
0.01% 


V, Zn, Hf, 
except for 0.04°, Fe. Several sections of this 
specimen were mounted, metallographically polished, 


and etched.* The 


{110} 


then anodized in 


{100} 


sections 


{210} 


were 


45° 


{io2} 


O-LUSTROUS 
O-TINT OF BLUE 


@-BROWN TO GRAY 
@-BLACK 


Locations of normals to grain faces on a 
basal-plane standard projection. 


* 8 ml coned. hydrofluoric acid (48%), 50 ml coned. nitric 
acid (70%), 50 ml hot tap water. One minute with agitation 
and hot water rinse. 


ali 
a 
ON 
\ 
4 
re) 
212 
{212} 
1936). 
2. G. C. {101} 
J. App. {112} 
3. 2. 
99 (1936). 
ima 
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70°, nitric acid at 5°C for 34h at a current density 
of 0.025 mA/em?. 


The anodizing was stopped initially when the appear- 


These conditions were not critical. 


ance of individual grains was noted to vary from the 
original metallic luster to a dull black. 

A portion of the anodized surface is shown in Fig. | 
at 100 


to the anodized surface of twenty-four of the largest 


(bright field). The orientations with respect 


grains were determined by the back-reflection Laue 
The grains were selected to represent all 


The 


in the form of an inverse pole 


method. 


shades of darkening. composite results are 


presented in Fig. 2 
figure based on the standard projection for zirconium 
on the (001)-plane. One-twelfth of the projection 
is given, since this covers all possible orientations. 
The circles are projections of normals to the anodized 
and are designated according to the degree 
that the rate of film- 


surfaces, 
of anodization. It is evident 
growth is low when the plane of anodizing is close 
to the basal plane. The rate is high at approximately 


40 


on planes at larger angles. 


from the basal plane, and appears to decrease 


. D. Miscu. 


Argonne National Laboratory, _S. FISHER 
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Hysteresis of the Cobalt Transformation 
in Thin Films* 


This letter describes quantitatively the influence 
of the surface upon the hysteresis of the cobalt 
Dehlinger et al. established that 
to the 


transformation. 
the 
close-packed hexagonal modification in single crystals 


transition from the face-centered cubic 
of cobalt first occurs in those cubic (111) planes which 
are parallel to the largest external surface of the 
crystal. From this observation, Dehlinger concluded 
that the hysteresis could be attributed to the increase 
in surface energy incurred in the glide process of 
the the 


pendicular to the glide planes, the greater the hyste- 


transformation (thus, larger surface per- 


resis). In amore recent publication, which describes a 


possible dislocation mechanism for the cobalt trans- 


formation, this phenomenon is only casually mentioned 


as being compatible with a glide mechanism.) We 
have studied the transformation from the c.p.h. to the 
f.c.c. modification in thin films, because they allow 


quantitative control of the surface/volume ratio. 


THE EDITOR 


The 


98-999, 


films were obtained by evaporation of Bake 


pure cobalt upon a substrate of microscope 
He. The 
was kept at 


film 


vacuum of 10-4 


the 


cover glass in a mm 


temperature of substrate 


during evaporation, so that the was obtained 


in the hexagonal modification heating was necessary 
to ensure continuity of the film and to obtain sharp 
with a 


Grain orientation was random. 


fiber 


diffractions). 
texture. where the fibei 
The film 


measured by weighing, after optical determinations of 


superposed OOO] LXIS 


is normal to the surface thickness was 


sam pl s showed that the 
the and 


extreme edges of the substrate never exceeded 10 


thickness in transparent 


variation in thickness between centel the 


The films remained in the vacuum during the 
The 


hy steresis temperature lies between the last te mpera 


trans 
formation, to minimize gas absorption uppel 
ture at which there was no evidence of the cubic phase 
and the first temperature at which the cubic (200 
diffraction appeared. Both temperatures are indicated 
in the diagram, and the solid curve is the assumed 
hy steresis temperature Evidence of transformation 
the 


removed by subsequent cooling to room temperature 


to cubic modification, obtained, was not 


once 


The samples were analysed in a Norelco wide-angle 


diffractometer with the substrate surface in the 


reflecting position, so that those (200) planes were 
“seen” whose corresponding clide 
the For 
which the glide planes terminate in a large surface 


A hyperbolic 


relation was found between hysteresis temperature 


planes were 5d 


away from surface. this arrangement, i 


large hysteresis was to be expected 


and film thickness, wherefore the hysteresis tempera 


ture was plotted versus the reciprocal of the thick 
half of the 


much 


VW hen 
film thi 


The resulting straight line can be extrapolated 


surface/volume 


the 


hess Ol 


diameter is oreatel than 


equilibrium temperature for a surface/volume ra 


of unity, for which hysteresis from this cause must 
negligible 


From the experimental information of Fig. 1, ar 


estimate can be made of the f hysteresis 


energy oO 
This is based upon the simple thermodynamic analysis 
of the 


Therein 


cobalt transformation due to Dehlingei 


the equilibrium temperature of the tw 
Al 0 AS», 
those of 


AS) Is 


Cause 


modifications is given as 7’ where the 


differences are ZeTO 


to third 


energy and entropy 


degrees Kelvin. Contrary the law 


nonzero. If the temperature-dependence 
of hy steresis can be neglected. the hy steresis t¢ mpera 
ture is simply 


LETTERS 223 
4 
1956 
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l 
AS, V AS,/I 


ACTA METALLU 


a.u. 


2 3 


(Thickness) x 10 ecm 


temperature versus reciprocal of 


point is the film 


Fic. 1. 


s. Listed 


Hysteresis 


with each thickness 


Angstrom units. 
where U’, is the energy of hysteresis. A is the surface 
area and V the volume, so that U’’, has the dimension 
of a the 
transition from the low-temperature phase to the 
for 


surface energy. The positive sign is for 
high-temperature phase, and the negative sign 
the reverse transition (U, does not necessarily have 
the same magnitude in both directions). From the 
slope of the straight line in Fig. 1, the magnitude 
of U’, is obtained if Dehlinger’s value (per gram atom) 
of R In 1.04 is used for AS,. This leads to a value 
U’, of about 1000 erg/em?, which lies between that 
of the energy of the free surface (1400 for copper)’ 
and the estimated energy of the glass/metal interface 
While the results 


of this experiment cannot furnish any direct clues to 


order of grain-boundary energy). 


the mechanism of hysteresis in the cobalt trans- 


formation, they show that the transition from the 
commence 


modification cannot 


the 


c.p.h. to the f.c.c. 


until an barrier of magnitude of the 


energy 
surface (or interfacial) energy is overcome. 
H. H. 


North Carolina State College. a ©. Hock. 
Ral igh, 


STADELMAIER. 
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The Influence of Hydrogen on the 
Yield-point of Mild Steel* 
In a recent letter to this journal, Cracknell and 


Petch™ indicated that hydrogen, when introduced 
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cathodically into a mild steel, eliminated the yield- 
point. They the 


vield-point to the inhomogeneous stresses set up at 


ascribed the disappearance of 
internal cavities containing hydrogen under pressure. 
Similar work by but at 
densities and for shorter charging times, has indicated 


the writers. lower current 


the same effect, but because of the absence of internal 


cavities after this treatment, a somewhat different 
explanation seems possible. 

Using this less severe rate of charging, i.e., 2 amp/sq. 
Lh, elimination of the lower yield-point 


More- 


over, as previously shown by Seabrook ef al.,) a 


in. for 
from the mild-steel specimens was observed. 


change of slope of the work-hardening part of the 


stress-strain curve occurred just below the old level 


of the upper yield-point, as shown in Fig. 1, curve (b). 
On allowing diffusion of the hydrogen from a tensile 


specimen (de-gassing) before straining, it was noted 


that the yield-point phenomenon (i.e., a definite upper 


began to reappear within 


the 


and lower yield-point) 
four The 


was completely regained after aging for three days 


hours. normal behaviour of steel 


at room temperature. During this period, as con- 
firmed from other tests, substantially all diffusable 
hydrogen would have diffused from the specimen, 
the resulting tensile test indicating no embrittlement. 
The removal of the lower yield-point, and a lowering 
of the value of the flow-stress, indicate the influence 
of diffusible hydrogen on 

Because of the effect of hydrogen on the vield- 
Three 


dislocation movement. 


point, strain-aging effects were also studied. 


12‘ increase in slope of 
Strain ageing work-hardening curve 
effect dueto 
hydrogen 


| 
| 
& 
! \ 
\ 
Curve (a) 

4 
Curve (b) 
Curve (c) 


Extension 


Fic. 1. 


stress-strain curve for non-treated 


Normal 


material. 


Curve (a) 


Curve (b) Stress-strain curve for hydrogen-charged 


material. 
Stress-strain curve after loading to 2% 
Unloading, charging with hydrogen, and re- 


testing. 


Curve (c) strain. 
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stress-strain curves are shown in Fig. 1. and designated 
as follows: 
(a) normal curve of nontreated material. 
(b) curve of hydrogen-charged material. 
(c) curve after loading to 2°, strain, unloading, 
charging with hydrogen, and re-testing. 
(c) the 


noted that in the case of curve 


introducing 


It will be 
effect of 
loading, is to increase the stress from the normal 


hydrogen, after an_ initial 
flow-stress to the flow-stress of the original hydrogen- 
charged specimen, i.e., the strain-aging effect is equal 
to the the 
specimen and the hydrogen-charged specimen. The 


increase in flow-stress between normal 


time taken for an equivalent strain-aging effect to 


occur at room temperature, due presumably to 
nitrogen, is of the order of several days. 

The strain-aging effect was also studied in a virtually 
nonstrain-aging steel (Al and Ti killed), and here a 
definite strain-aging effect, due to hydrogen, was 
observed. These tests showed that, after 2°, strain, 
unloading and aging for 70h at room temperature, 
the additional load necessary to reinitiate yielding 
(stated as a percentage of the first applied load) was 
1.9°,. If, however, the specimen was charged with 


hydrogen after the 2°, strain and tested within 


30 min, an effective increase of the new flow-stress 
of 4.9% 


the specimens was allowed and the specimen tested 


was observed. If diffusion of hydrogen from 


70 h after straining 2°, and charging with hydrogen, 
It would 
the 


the former value of 1.9°,, was again found. 
appear that diffusible hydrogen can collect at 
denuced of their former atmo- 


dislocation sites 


spheres by straining—and so cause an increase of the 
stress required to reinitiate yielding. This pheno- 
menon is diffusion-dependent, since if the test is 
conducted after the diffusible hydrogen has degassed, 
the steel behaves normally. 

The facts appear to be consistent with experimental 
evidence of Rogers), who, by reducing the diffusion 
rate of nitrogen by testing at a low temperature, 
showed an effect of hydrogen consistent with inter- 
ference of dislocation movement and the production 
of an upper and lower yield-point. This also agrees 
the Bastien Azou™) that, 
mobility, might 


suggestion of and 


the 


with 
because of higher 


diffuse 


hydrogen 


along with moving dislocations at room 


temperature, thus eliminating the lower yield-point. 


H. G. VAUGHAN. 
British Welding Research M. E. pE Morton, 


Association. 29 Park Crescent. 


London, W.1. 
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Antiferromagnetism in the System Ti-H* 


Investigations on the phase diagram of the system 
Ti—H, l) have 


supplemented by magnetic investigations’) covering 


reviewed in reference recently been 


the composition range H/Ti 0-1.98 and the tem- 
170° K The 


curves present a 


perature range 580 observed suscepti- 


bility-temperature number of 
interesting features, and their tentative qualitative 
interpretation, as outlined in the present note, may 
help to supplement other investigations in clarifying 
the structure of this system 

On adding hydrogen to hexagonal «-Ti at tem 
peratures below about 590°K, a phase boundary is 
reached at low values of the hydrogen concentration 
separating the « phase from a two-phase region « 
the 


In the neighborhood ot 50 ’ H 


phase having face-centered cubic structure 


and at room tem 
perature the « phase has disappeared and the system 
is again single phase y. At somewhat higher hydroge1 
concentrations the lattice-constant, so far practically 
$40 A.U., 
tending to about 4.45 A.U. when H/Ti— 2 


Gibb ef al hrétien 


Increase 


There IS 


constant at about begins to 


ey idence by 


that at H than 


less 


values consider ut 


phase appears, and both these authors giv: 


reasons for identifying this phase 


compound TiH,, although 
uncertain. To summarize, tl 
two-phase, 


TiH, 


and 


between 
and 2 
constant imncrea 
the TiH, phi sé 

The paramagne tic susce ptib i] 
this picture of the phases in th 
temperature the 
3.17 


Between this composition and H/Ti ~ |] 


mass suscepti! 


10~® for pure «-Ti to 3.6] 


60 
4.24 


Between this composition and H Ti 


almost constant at about 


increases attaining the valu 
H/Ti 
the 

slight 


agall, 
room-temperature isotherm passes through 
H/Ti 
tends to hig 


10-6 at H/Ti 


a 
(¥ 
values 


minimum at 
and finally 


L.9S 


(7 4.58 


= 
( en ppea T 
w 
l to about 1.5-1 
syste \t roon 
at H/T 
ut the 
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H/Ti 


less than about 1.3 show an increasing susceptibility 


The susceptibility-temperature curves for 
with increasing temperature. At the same time the 
slope dy/dT’ decreases as the hydrogen concentration 
increases. For H/Ti values above about 1.7 the 7 —T 
curves exhibit sharp maxima at about 300°K, the 
maxima becoming more pronounced the higher H/Tiis. 
There is evidence that a maximum already appears at 
lower concentrations, but unfortunately the measure- 
ments in this range do not in general extend to 300°K; 
for H/Ti 


of a slight maximum at this temperature is already 


1.55 they do, however, and the existence 


evident. 

The results of the magnetic investigations may be 
tentatively interpreted as follows: The temperature 
increase of the susceptibility of pure «-Ti may be 
ascribed to the detailed structure of the density-of- 
states curve of the metal.‘ In the two-phase « + y 
region the susceptibility is the sum of that of the two 
phases, and the results show that the y-phase is more 
strongly paramagnetic than pure «-Ti, but that its 
temperature coefficient dy/dT is much smaller if not 
The 


appearance of the susceptibility maxima seems to 


zero, as appropriate to a metallic phase. 


coincide with the appearance of TiH, as a separate 
phase at H/Ti ~ 1.3-1.5 and also with the first signs 


of an increase of the lattice-constant. Since the 
maxima all occur at one temperature and become more 
pronounced the higher H/Ti is, they must necessarily 
be a property of this phase, occurring in stronger 


H/Ti—2. The 


thus suggest that the compound TiH, is antiferro- 


concentrations as measurements 


magnetic (for a review, see reference 7), with a transi- 


tion temperature 7’ 300°K. The ratio 79/77 is 


about 0.82, and thus lies in the range 2 


3 


1 common 
to previously-known antiferromagnetic substances. 
It is here tentatively suggested that the antiferro- 
magnetism of this compound is caused by super- 
exchange” bet ween Ti atoms through the intermediary 
of hydrogen in molecular form, the H-H axis being 
collinear with two neighbouring Ti atoms. 

The situation is then in many respects analogous to 
that occurring in the more familiar antiferromagnetic 
compound MnO. 


intermediary 


ion acts as the 
the 


Here an oxygen 


between two manganese ions, 
superexchange mechanism being a transfer of one of 
the 


Mn ions, and the subsequent interaction of the other 


oxygen p electrons to one of the neighboring 
Pp electron, with opposite spin, with the Mn ion 
diametrically opposed to the first. In the present case 
the transfer is envisaged to be of one of the s electrons 
of the H, molecule to one of the neighbouring Tiatoms, 


i.e., the formation of the molecular ion H,*. followed 
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by the interaction of the other s electron, with 
opposite spin, with the oppositely placed Ti atom. 
In both cases the electronic charge of the intermediary 
is a maximum along the line joining the transition 
atoms. Although the H-H separation is likely to be 
different in this compound from its value for the 
normal H, molecule, the tolerance is large enough for 
molecular hydrogen to fit easily into the interstices 


The 


increase of the lattice-constant at H/Ti values close to 


even between nearest neighbouring Ti atoms. 
those at which TiH, is first formed would also be 
explicable by the presence of interstitial molecular 
rather than atomic hydrogen, the latter having a much 
smaller “‘size.”’ 

For the above mechanism it is obviously essential 
for the hydrogen to be in molecular form. It is, 
therefore, significant that, in the two-phase region 
Here the 


lower hydrogen concentration in the y phase makes it 


a y, antiferromagnetism does not occur. 
more likely for it to be in atomic form, so that the 
above mechanism is ruled out. 

In discussing superexchange, Anderson") and 
van Vleck" suggested that it would lead to antiferro- 
magnetism only if the transition atoms had d shells 
which are more than half-full, ferromagnetism being 
predicted if they are less than half-full. This rule was 
found to apply in many, but not all cases. Among 
the exceptions to it™ are the antiferromagnetic 
substances V,O, and CrCl, and the recently investi- 
gated" titanium compound Ti,O,, which has a 
248°K. The 


under discussion show TiH, to be another exception 


transition temperature measurements 
to Anderson’s rule. 

Two other mechanisms of antiferromagnetism in 
the Ti-H First, the 
properties described may be due to the direct inter- 


system may be suggested. 


action of Ti atoms. The onset of antiferromagnetism. 


absent in the y phase, is then closely linked to the 
This 


would imply a very strong sensitivity of the inter- 


onset of lattice expansion at H/Ti ~ 1.3-1.5. 


action and hence of the transition temperature on the 
lattice-constant, and hence on the hydrogen concen- 
tration beyond the above values. Since the transition 
temperature is constant, however, this mechanism 
is apparently inappropriate. Secondly, the interaction 
between the d shells of the Ti atoms may be via an 
atmosphere of conduction electrons produced by the 
ionization of the hydrogen atoms. Here again the 
interaction is implied to be very sensitive to the 
hydrogen concentration since, if it is too low, as in the 
does not antiferromagnetic 


y phase, it produce 


coupling. Constancy of the transition temperature 


in the range of H/Ti values where antiferromagnetism 


TO 


The 


model suggested above appears to be the only one 


occurs again seems to rule out this mechanism. 


capable of accounting for the experimental findings. 

It is obviously desirable to obtain independent 
evidence for or against the suggested explanation. 
The most direct evidence would be obtainable from 
Other 


ments which are likely to be of value in supplementing 


neutron diffraction measurements. measure- 


the magnetic work described include those of specific 
heat, both at low temperatures and near the transition 


point, and of electrical resistance. 
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Sur l’Oxydation du fer dans l’Air dans 
Intervalle 400°-700°C* 


Nous nous proposons dans cette lettre d’énumérer 


quelques particularités que présente loxydation 


du fer dans l’air dans lintervalle 400 


Nous avons opéré sur des plaquettes de 0.5 mm 


TOO-C. 


d’épaisseur et de quelques cm? de surface, de fer Armco 
ou de fer dénommé Puron par la Westinghouse. Ces 


échantillons polycristallins A grains équiaxes furent 


préalablement soumis a une préparation soignée de 


surface” comportant un polissage au papier émeri 
(000) suivi éventuellement dun polissage électroly- 
tique dans le bain de Jacquet.) 

Dans une premiére série d’expériences les échan- 
tillons polis étaient réduits dans une atmosphére 
d’hydrogéne pur et sec a 700°C, refroidis dans cette 
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en fonction de | 


atmosphére jusqua la température d’oxydatior 


apres quoi l’hydrogéne était rapidement évacué et 


remplacé par de purifié (Ie 


TOW 


‘re technique opé 


Dans une autre série d’expériences les éc] 


étaient directement introduits dans la zon 
pérature constante d'un four ot: lair é 
ment renouvelé et loxydation 
conséquent sans aucun préchauffage 
opératoire). 


Dans les deux séries d’expériences a un 


] 


ture 7’ quelconque de lVintervalle étudi 
tion de poids pal em* de surface d’échantillor 
Am 
d’oxydation et k une constante 

Il est a 


a la loi para bolique 


notel que la valeur de k, est en gene! 
yeaucoup plus faible que celle de en appe lant 


et 


respectivement aux techniques | et 2. L 


les constantes d’oxydation correspondant 


xperien e 


montre d’ailleurs que c’est linobservance dans | 


technique 2 de la condition de préchauffage des 
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Fic. 2. Pellicule formée par oxydation du fer suivant la Fic. 4. Coupes des irrégularités d’épaisseur de la pellicule: 


technique 2, a 500°C durant 3 heures ( 750). 500°C—22 min 30 sec ( 1250). 


Fic. 3. Aspect de la surface extérieure d’une pellicule sur ‘1c. 5. Aspect de la surface extérieure de la pellicule: 


support . fer, formée par oxydation suivant la technique Il, 604°C—22 min 30 sec SOO). 


2 400 ( endant 22 min 30 sec 300). 
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Fe,0 
J 
Limites, 
de 
grains 
Fe 


TO 


échantillons jusqu’a la température de l’essai d’oxyda- 


tion qui conduit a des augmentations de _ poids 
anormalement élevées. 

Dans la fig. 1 nous avons représenté la variation de 
k, (courbe I) et de k, (courbe II) en fonction de 
courbes 


linverse de la température absolue. (Ces 


sont trés sensiblement indépendantes de la pureté 
des échantillons et de leur préparation de surface dans 
les limites of nous avons étudié l’influence de ces 
facteurs.) 

On constate que tant que la température ne dépasse 
pas 600°C, c’est-a-dire tant que n’apparait pas la 
phase FeO dans les pellicules™ le processus d’oxyda- 
tion est régi, pour chacun des deux groupes d’expé- 
riences par une chaleur d’activation trouvée égale 
36.300 cal/mol et Qs 15.100 


On voit de plus que linfluence du _pré- 


respectivement a Q, 
cal/mol. 
chauffage, trés importante 4 450°C, diminue constam- 
ment quand augmente la température, pour devenir 
négligeable a 600°C. 

Nous pensons que la cause de la croissance plus 
rapide de la pellicule sur un échantillon non préchauffé 
doit étre recherchée dans les tensions développées 
dans la pellicule par la dilatation du support au cours 
de sa mise a la température de l’expérience. 

Si on procéde maintenant a l’°examen micrographique 
des échantillons oxydés, on constate que tant que la 
température d’oxydation reste inférieure & 550°C, la 
vitesse de croissance de la pellicule varie avec | orienta- 
tion du cristal de fer, comme on peut le constater sur 
la coupe de la fig. 2. 
la pellicule peut 
Nous 
observé effectivement sur des échantillons oxydés dans 
400 


Cette croissance épitaxique de 


dailleurs prendre un autre aspect. avons 


des conditions rigoureuses dans | intervalle 


550°C, que pour certains grains, la pellicule, au lieu 
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de présenter une surface lisse, porte des striations 


paralléles (fig. 3). Ces striations peuvent prendre, 


dans lintervalle 550°-625°C un relief assez accentué 
pour qu'il soit possible den étudier le faciés 
+ et 


dans | 


coupes polies (figs 5). Cet aspect epitaxique de 


loxydation du fer ‘air la pression atmo- 


a rapprocher du phénomeéne nis en 
de 
pres 


sphérique est 


Bénard et Jardolle au leul 


faibles 


évidence par cours 


étude sur l’oxydation du fer aux sions 
d’oxygene. 

Ces quelques observations montrent la complexité 
fer 


d’oxydation du 


du phénoméne polycristallin 


dans l’intervalle 600°C, méme si pour étudier 
on prend la précaution d’adopter un mode opératoire 
qui élimine dans la mesure du possible les facteurs 
perturbateurs. I] en résulte que les courbes isothermes 
d’augmentation de poids ou celles donnant la variation 


de la la 


température absolue, ne 


constante d’oxydation k en fonction di 


traduisent, méme 
cas d’un mode opératoire rigoureux, qu'un état moyen 
de la cinétique de l’oxydation 

Les résultats complets de cette recherche 
en liaison avec le Professeur J. Bernard, et 


objet du contrat No 


qul a fait 


43 entre l’auteur et le ‘““Consej 
de Investigacion Cientifica”’ de Université de Concep 


cidn (Chili), seront publiés prochainement 
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BOOK REVIEW 


Metals Reference Book. Edited by C. J. SMITHELLs. 
Edition, 1955. Butterworths Scientific 
Publications. London: Interscience Publishers Inc.., 


New York. 2 


Second 


volumes: Price: £8 8s; $25 


The appearance ofa second, expanded, edition of 


Smithells will be welcomed by all whose interests 


include the properties and behavior of metals and 
This 


considerably 


alloys. edition. in two volumes, has been 


revised, and contains several new 


sections, dealing with friction, physical properties of 
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molten salts, and elastic properties and damping 
capacity. 

The sections that appeared in the first edition are 
been revised, and some 


all retained, but have all 


drastically enlarged; for example the number of 
equilibrium diagrams has been substantially increased; 
they now occupy almost a quarter of the total space. 
Another welcome change is the inclusion of much 
more extensive bibliographies, which will further 
increase the usefulness of this essential reference book. 


BRUCE CHALMERS. 
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INTERNAL FRICTION IN SOLID SOLUTIONS OF TANTALUM* 


R. W. POWERS and MARGARET V. DOYLE} 


The internal friction in tantalum arising from the diffusion of interstitial oxygen can be 
the sum of two peaks. The peak at 137°C (applied frequency ~ 0.6 ¢.p.s.), whose height is dire: 
tional to the oxygen concentration, 1s interpreted as arising from the diffusion of free, non 
interstitial oxygen. On the other hand, that at 162°C, whose height is a quadratic functiot 
concentration, is believed to arise from the diffusion of oxygen atoms, each of which is 
another oxygen atom in its neighborhood. 

In a very similar manner, the internal friction arising from the 
described as the sum of two peaks, one at 334°C and the other at 362°C 
is shown to be a quadratic function of the nitrogen concentration. 

With both oxygen and nitrogen present in tantalum, a peak appears at 175°C, whose heigh 
proportional to the product of the oxygen and nitrogen concentrations. This peak is described as arising 


from the diffusion of oxygen atoms, each of which is interacting with a nitrogen atom i s neighborhood. 
The activation energy associated with the diffusion of free oxygen atoms was found to be less tha 

those measured for the diffusion of oxy gen interacting either with other oxy: 

These interactions between interstitial solute atoms in tantalum are 


atomic distances. 


FROTTEMENT INTERNE DANS LES SOLUTIONS SOLIDES DE 


Le frottement interne du tantale dda a la diffusion de loxygeéne interstitiel est décrit comme la somm«e 
de deux pics. Celui a 137 (fréquence de 0.6 C.p.s.), dont la hauteur est proportionne lle a la concentration 
en oxygene, est expliqué par la diffusion des atomes interstitiels libres. Par contre, celui : dont 
la hauteur est une fonction quadratique < la concentration en oxygt , est at bué a la diffusion 
d’atomes d’oxygéne en interaction avee un aut atome d’ox | 

De la méme maniére, le frottement interne da a la d 
somme de deux pies, lun a 334°, Vautre a 362 yp ce 
quadratique de la concentration en azote. Quand loxyg 
le tantale, un pic apparait a 175°, dont la hauteur « 
en Ox) gene et en azote; il est expliqué comine d 
avec un atome d’azote situé dans son voisinage. 

L’énergie d’activation associée a la diffusion des 
mesurée pour la diffusion de loxygene en interacti¢ 


actions entre atomes interstitiels dans le tantale ser: 


UBER DIE INNERE RE "NG TANTAL MISCHKRIS'1 


Die innere Reibung von Tantal, die durch die Diffusion von eingelagerten 


wird, kann als die Summe zweier Maxima beschrieben werden. Das Max 


Frequenz ~0.6 cm/s), dessen Hohe direkt proportional der Sauerstof 
fusion von freiem, eingelagerten Sauerstoff zugeschrieben, 

Auf der anderen Seite scheint das Maximum bei 162 ¢ 
Sauerstoffkonzentration ist, von der Diffusion von sol 

ein jedes mit einem anderen aus seiner Nachbarschaft i echselbeziel] 

In ahnlicher Weise kann die innere Reibung, die durch die Diffusion des 
ebenfalls als die Summe zweier Maxima beschrieben werden, von de 
andere bei 362°C liegt (vy ~ 0.6 cm/s). Es wird gezeigt, « das Maximut 
Funktion der Stickstoffkonzentration ist. 

Bei Anwesenheit von Sauerstoff und Stickstoff in T: al entsteht be 
Héhe proportional dem Produkt aus der Sauerstoff- u Stickstoffko 
mum wird der Diffusion von Sauerstoffatomen zugeschrieben, von dene 
toffatom aus seiner Nachbarschaft in Wechselwirkung steht 

Die Aktivierungsenergie des Diffusionsvorganges von ien Sauerstofttaton 
Wert als die des Diffusionsvorganges von Sauerstoff, der entweder mit 
atomen in Wechselwirkung steht. Die gegenseitige Beeinflussung der eing 


Tantal reicht anscheinend nur iiber kurze Atomabstinde 


* Received July 20, 1955. 
General Electric Research Laboratory, Schenectady, New York. 
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Fic. 1. 


INTRODUCTION 
The internal friction in tantalum arising from the 
diffusion of interstitially dissolved oxygen at low con- 
‘entrations can be described with a single relaxation 
time.”) However, at higher oxygen concentrations, 
the experimentally determined internal friction curve 


the internal friction considerably higher on the high- 


T’) becomes broadened and skewed, with 


temperature side of the peak than that computed for 
At 


longer relaxation time is needed to re present the data 


a single relaxation time. least one additional, 
at these higher concentrations. 

In this report we present additional experimental 
evidence that concentration broadening in oxygen- 
tantalum solutions is brought about by an interaction 
between interstitial oxygen atoms. Moreover, there 


are indications that concentration broadening of this 


Normalized internal friction peaks of nitrogen in tantalum. 


kind is not confined to solid solutions of oxygen in 
tantalum, but is found in all oxygen and nitrogen 
Part of the 


evidence for this general behavior is illustrated by the 


solid solutions of the five-B elements. 


influence of nitrogen concentration on the shape of 
the internal friction peak associated with the diffusion 


of nitrogen in tantalum. 


THE TANTALUM-NITROGEN INTERNAL 
FRICTION PEAK 
In order to reveal the influence of nitrogen con- 
centration upon the shape of the internal friction peak, 
we measured the damping in four specimens, con- 
taining different quantities of nitrogen, as a function 
of temperature in a low-frequency torsional pendulum. 
The internal friction in these specimens, as well as 
that in all others discussed in this report, was strictly 
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independent of the strain-amplitude up to strains of 
at least 2- 10-4. The samples were prepared in a 
manner analogous to that already described in detail 
We estimate that 
the concentration of nitrogen in the specimens prior 
0.005 The 


normalized damping curves are presented in Fig. 1. 


for oxygen-tantalum solutions.” 


to loading was about weight per cent. 
They are similar to those previously reported for 
oxygen solutions. Thus, as can be seen in Fig. 2, the 
width of the nitrogen peak, in terms of A(1/7) 
measured at half the peak height, increases with the 


At 


the internal friction for small amounts of 


nitrogen concentration or nitrogen peak height. 
0.6 ¢.p.s., 
nitrogen can be described with a single relaxation 
334°C. At 


concentrations a second relaxation time corresponding 


time corresponding to a peak at higher 
to asecond peak at 362°C is needed to fit the experimen- 
tal data. The solid lines in Fig. 1 have been computed 


»») 


for various combinations of the 334 } 


and 362° peaks. 
The ratio of the height of the 362° peak to that of the 
334 


0.1 weight per cent nitrogen, it is possible to fit the 


peak is indicated on the graph. Up to roughly 
experimental data using combinations of only two 
peaks. However, for a specimen containing about 
0.12 weight per cent nitrogen, the fit is imperfect, 
indicating the presence of additional relaxation times 
at very high nitrogen concentrations. For purposes 
of curve fitting, an activation energy of 37.5 kcal was 
used for the 334° peak and 40.0 kcal for the 362 

The nitrogen internal friction peak is not as stable 


peak. 


as that for oxygen. Ifa specimen is aged above 450°C, 
the the diffusion of 


nitrogen declines noticeably. Similar observations have 


internal friction arising from 


been made by Ke.) Because of this instability, which 


it seems reasonable to associate with the precipitation 


HALF WIDTH (10°/T°K) 


004 006 008 O10 


PEAK HEIGHT - Q7\,, 
Fic. 2. Half-width of tantalum-nitrogen damping peak 
as a function of peak height. 
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Fic. 3. The height ot 
damping peak 


the normal 


as a functior 


of tantalum nitride, our study of the nitrogen peak 
has not been as comprehensive as that of the oxygen 
peak. 
THE EFFECT OF CONCENTRATION ON 
HEIGHT OF THE NORMAL (137 C) 
TANTALUM-OXYGEN PEAK 


THE 


By Snoek’s theory 3) the height of an internal friction 
peak should be proportional to the interstitial solut 
atom concentration, if no interaction occurs betw 


the solute atoms Consequently we thought it wo 


be of value to check this aspect of Snoek’s theory 


solutions of tantalum containing oxygen 


concentrations. A large number of 


specimens were prepared with the oxygen 
varying over a fifteen-fold range from 0.003 
The 

interstitial 


weight per cent preparation of tant 


alloys of known atom content 


described prev iously Theresults of mea 
the peak heights at 0.6 c.p.s. in a torsional pend 
are shown in Fig. 3. The equation of the least 


data IS 


line that best represents these 


Q-! 


1.10 (concentr. in weight per cent 


With the exception of the lowest points 


some 


within ten per cent of this line 


mav be associated with variations in 


orientation from specimen to specimen 
of the cross-section of a wire specime! IS OC uy} 
smallet 


a humbel 


one grain with, however, 


lying along the periphery 
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“1G. 4a. Plot showing quadratic dependence of the height 


of the oxygen interaction peak on the oxygen concentration. 


THE EFFECT OF CONCENTRATION ON THE 
EXTRAORDINARY OXYGEN AND NITROGEN 
162° AND 362°) PEAKS 
As reported previously, the internal friction data 


for somewhat higher concentrations of oxygen in 
tantalum can be represented empirically as the sum 


ot two peaks, one of which occurs at 137 
162°C (y We have just shown 


that the height of the normal peak at 137°C 


and the 
other at 0.6 ¢.p.s.). 
varies 
linearly with concentration. In Fig. 4a, the logarithm 
of the internal friction found at 
specimens is plotted against the logarithm of the 
oxygen concentration. The oxygen concentration was 
varied from 0.05 to 0.125 weight per cent. At 192°C, 


the internal friction is due principally to the 162° peak, 


that from the tail of the 137° peak being relatively 


small. The measured data have been adjusted for 
this contribution from the 137° peak, as indicated in 


Table 1. The slope of 2.1 indicates that the height 


of the extraordinary peak at 162°C is a quadratic 


function of the concentration. These facts 


that the 
of oxygen atoms, each of which has another oxygen 


oxygen 


162° peak may arise from diffusion 


suggest 


atom in its neighborhood with which it is interacting. 


tantalum-containing 
All internal friction 


LE 1. Internal friction data on 


oxygen at relatively high concentrations. 


data observed at 0.6 ¢.p.s. 


Internal 
friction 
from 162 
Peak - 10! 


Measured Calculated 
internal 
at 
192°C - 10¢ 


Height ol 


oxygen 


Weight 
per cent 


contribution 
from 137 
Peak - 10% 


peak 


0.050 
0.075 
0.100 


0.125 


192°C in a number of 
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In a completely analogous manner, we interpret the 
362° peak as arising from the diffusion of nitrogen 
atoms, each of which is interacting with another 
nitrogen atom. This assumption is justified in Fig. 4b, 
where data for nitrogen in tantalum (taken from Fig. 1) 
are presented similar to those for oxygen in Fig. 4a. 
The internal friction was measured at 417°C, where the 
contribution from the tail of the normal (334°) peak 
is relatively small. These data have been corrected 
for the contribution from the tail of the 334° peak, 
however. The slope of 1.9 indicates that the 362° peak 
is a quadratic function of the nitrogen concentration. 
and 334°C in the 


They arise from diffusion of 


We interpret the peaks at 137 
conventional manner. 
free oxygen or nitrogen atoms that are not interacting 


with neighboring solute atoms. 


INFLUENCE OF NITROGEN ON 
THE OXYGEN PEAK 


THE 


Not only does increasing nitrogen concentration 
broaden the nitrogen peak, but nitrogen also broadens 
the oxygen peak, concomitantly with reducing its 
height, as shown in a previous report.”) The damping 
data can be fitted fairly well as the sum of the normal 
peak at 137°C and asecond peak at 175°C (vy =0.6c.p.s.). 
An interpretation of this latter peak, consistent with 
that given the 162°C, is that it arises from the diffusion 
of oxygen atoms, each of which is interacting with a 
nitrogen-atom neighbor. Should this interpretation 
be correct, we would expect the height of the 175 
peak to be proportional to the product of the oxygen 
and nitrogen concentrations. An experiment to check 
this point was conducted on specimens all loaded 
with the same amount of oxygen (0.0225 weight per 
cent), but with varying quantities of nitrogen. The 
oxygen concentration was kept low in order that the 
interaction between oxygen atoms might be neglected. 
The internal friction data obtained from measurements 
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Fic. 4b. Plot showing quadratic dependence of the height 
of the nitrogen interaction peak on the nitrogen concentration. 
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Fic. 5a. Normalized internal friction peaks of oxygen in tantalum broadens 


made on these specimens are shown in Fig. 5a. The itself as a measure of the nitrogen concentrat 
data in Fig. 5a have been normalized to unity at the The magnitude of the damping at 142°C can b 
normal oxygen peak (142°C at 0.9 ¢.p.s.). as a measure of the free oxygen concentratio 

The oxygen dissolved in these specimens can be at this temperature the contribution from thi 
considered distributed between two classes of atoms, peak is relatively small 
those interacting with nitrogen and those that are In Fig. 5b there is presented a plot of the damping 
free. From mass-action considerations we would measured at 215°C, where the contribution from the 
expect ; tail of the normal oxygen peak is 


the product ot the 


where Cox is the concentration of oxygen atoms 


interacting with nitrogen, 
Co, is the concentration of free oxygen, and 
Cy, is the concentration of free nitrogen. 


The nitrogen content of the specimens in the 
as-received condition varies considerably, as indicated 
by variations in the nitrogen peak height from 0.002 
to 0.014. Since this nitrogen is difficult to remove, 
requiring temperatures above 2500°C and pressure of 
about 10-® mm, the amount of nitrogen subsequently 
loaded into the specimens cannot be used as a very 
good measure of the total nitrogen content. It is Pp as ee g 
Oo i” peak on 


perhaps better to use the height of the nitrogen peak 


concentrations. 


— /, \ 
= 
\ 
4 y A 
\ 
4 
4 d \\ 
E o2- P 
OXYGEN \ 
o r SYMBOL Q max Q max 
0096 
1 g 0514 
0307 0167 
0137 0207 \\, 
0.09 } 0045 ele 
SINGLE RELAXATION 
0.08+ TIME \ 
0.07— FREQUENCY (vy) = 0.89 CYCLES/SE 
0.06+- ¥ 10° Topeak 2.408 42°C) 
0.05+4 d (°C 
VOL. 220 200 180 160 40 20 
oen 19 2.0 25 2.6 27 2.8 
IU T(°K) 
<_< 
< Pil 
| al iepende ( ti elg + 
product of oxygen and trogen 


METALLURGICA, 


OXYGEN 
WEIGHT 


NITROGEN 


=| 
Qmax 


O6I5 NONE 
06 


FREQUENCY (v)=0.6 CYCLES/SEC 
AMOUNT OF NITROGEN ~ O06 WEIGHT % 


t (°C) 
440 420 400 380 360 340 320 300 
5 16 1.7 18 
RECIPROCAL TEMPERATURE (10°/T(°K)) 
of oxygen on the nitrogen-tantalum 


Fic. 6a. The influence 


damping peak—higher nitrogen level. 


and of the nitrogen peak. A linear relationship is 
observed between damping and this product up to 
those concentrations at which deviations occur in the 
proportionality between nitrogen peak height and 


nitrogen concentration. 


INFLUENCE OF OXYGEN ON 
THE NITROGEN PEAK 


THE 


Since nitrogen was found capable of affecting both 
the height and breadth of the oxygen peak, it was of 
some interest to study the complementary case, to 
investigate the influence of oxygen on the nitrogen 
peak. Four samples were prepared, with high and low 


xygen concentrations in samples containing two 


lifferent amounts of nitrogen. 

The results of damping measurements on the four 
test specimens are to be found in Fig. 6a and 6b. 
At neither nitrogen level, 0.06 nor 0.04 weight per cent 
nitrogen, was oxygen found to broaden the nitrogen 


damping peak. 


oxygen was to decrease slightly the breadth of the 


nitrogen peak. The fact that oxygen does not broaden 
the nitrogen peak is perhaps not too surprising if it is 
borne in mind that oxygen diffuses about 25,000 times 
faster than nitrogen at 350°C. In the time-interval 
required for a nitrogen atom to diffuse from one site 
to an adjacent one, any interaction influence of oxygen 


might be smeared out. 


On the contrary, the influence of 
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THE UNIQUE POSITION OF THE INTERACTION 
PEAKS AND THEIR RESOLVABILITY 


We shall now refer to the 162, 175, and 362°C peaks 


as interaction peaks. To reduce the apparent arbi- 
trariness of this description, perhaps at least two 
further. The first 
concerns the uniqueness of the position of an inter- 


If the 


position of an interaction peak were to vary con- 


questions need be considered 


action peak at a fixed frequency of vibration. 


tinuously with changes in interstitial solute con- 
centration, the term “peak” would be a description of 
little value. In Figs. 7a, 7b, and 7e there are shown 
plots of the interaction peaks at various concentrations, 
It can be seen that, through a range of concentration, 
the interaction-peak temperatures do not vary with 
concentration. The positions of the oxygen and 
362°C respec- 
On the 


other hand, that for the oxygen-nitrogen peak (175°C) 


nitrogen interaction peaks at 162°C and 


tively appear constant within about a degree. 


changes by 4 degrees. A large part of this apparent 
variation arises from the contribution from the 162°C 
peak. At low nitrogen concentrations, where the 
relative magnitude of the oxygen-nitrogen and oxygen 
interaction peaks are more nearly of the same mag- 
nitude, this contribution is relatively greatest. 

The interaction peaks in Figs. 7a, 7b, and 7¢ were 


obtained by subtracting a damping curve of unit 


10 
08 
0.6: 
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OXYGEN 


Qmox 
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Fic. 6b. The influence of oxygen on the nitrogen-tantalum 


damping peak—lower nitrogen level. 
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height. corresponding to the “‘normal’’ peak, from 


the experimental damping curve normalized to unity 
at its maximum. There can be objection to this pro- 
cedure on the grounds that the height of the normal 
peak to be subtracted should be somewhat less than 
unity. However, the precise height of the normal peak 
that should be subtracted is unknown, Moreover, 
knowledge of its precise height is not required, as can 
be shown by the following argument: 

If a hypothetical damping curve is synthesized from 
two peaks of equal height, is normalized to unity at 
its maximum, and if one of the pe aks of unit height 
is subtracted from the synthesized curve, the position 

second p ak can be determined within 1.5 
degrees. 

Although the positions of the interaction peaks in 
Figs. 7a, 7b, and 7e are well established, little can be 
said about their shapes from this procedure. Con- 
sequently, the fact that the curves shown in Figs. 7a, 
7b, and 7¢ are skewed reveals nothing about the shape 
of the interaction peaks. 

It is true that, at extremely high concentrations, 
the position of the interaction peak appears to move 
in the direction of higher temperatures. This w 
interpret as an indication of the presence of more than 
one neighboring solute atom in the vicinity of a 
jumping atom. 

The second question with respect to the interaction 
peaks concerns the possibility of resolving an experi- 
mental internal friction curve into separate and 
distinct normal and interaction peaks. Since an 


internal-friction peak near 150°C, with an activation 


energy of about 25 keal, has a half-width of about 
35 degrees, no distinct separation of the 162° inter- 
action peak and the 137° peak is possible. On the 
other hand, a partial separation of the 137° oxygen 
peak and the nitrogen-oxygen interaction peak at 
175°C is possible. Inspection of Fig. 5a discloses a 
readily discernable inflection point, which is the best 
that can be done with respect to the resolution of 
distinct peaks. 
ACTIVATION ENERGY MEASUREMENTS 

Relaxation times for diffusional processes can 
usually be described in the exponential form, t = 7, 
exp (£/RT). It is of interest to find out whether the 
relaxation times corresponding to the interaction 
peaks are longer than those for the normal pe aks 
because of differences in the pre-exponential constant 
T), or in the activation energy /, or perhaps in both. 
Therefore, activation energies for diffusion in various 
specimens have been determined by noting the change CIPROCAL TEMPERATURE (10°/T( 


the posit 


in peak temperature that results from varying the 
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TABLE 2. Fundamental data used 


Freq. of Reciprocal 


applied 


peak temp. 


10° 


system 
stress l 


c.p.s. 


O in Ta 


low cone. 0.015 weight per cent) 


O in Ta 


high cone. 0.12 weight per cent) 


Low O cone. 
High N cone. 


0.0225 weight per cent 


0.08 weight per cent N 


frequency of the torsional vibration of the tantalum 
wire. Results of these measurements are summarized 
in Table 2, and are depicted graphically in Figs. Sa, 
Sb, and 8c. In all cases, the temperature at which 
the internal friction is a maximum was determined 


trom plots ot the midpoint ot the low- and high- 


temperature sides of the damping peak versus the 


Such a 


normalized damping. procedure, which 
enhances greatly the precision of the measurements, 
has been described in detail in a previous report. 

Data taken on specimens containing only oxygen 
Fig. is that 


measured activation energy (27.8 keal) for the 


are shown in Sa. The significant result 


the 
specimen containing a high concentration of oxygen 


245 


2.35 240 

RECIPROCAL PEAK TEMPERATURE 

Activation energy determination for 
diffusion of oxygen in tantalum. 
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in computing activation energies 


Activation 
energy Comment 


keal mole 


BE 25 


keal from peak- 
breadth meas. 


Value 
of that for 
interaction peaks 


average 


normal and 


Normal oxygen peak 


Oxygen-nitrogen imteraction 


peak 


37.0 keal from peak- 
breadth measurement 


that (25.8 keal) for the specimen 


containing only a little oxygen. Since the normal and 


is greater than 
interaction peaks are too close to resolve well enough 


for our purpose here, the value 27.8 kcal must rep- 
of that for 


the normal and that for the interaction peak. More- 


resent some average activation energy 
over, since the experimental high-oxygen peak is 
broadened, its activation energy cannot be measured 
as precisely as that for the low-oxygen peak. There 
can be no doubt, however, that the activation energy 
is greater for the interaction peak than that for the 
normal peak. It is doubtful that the values obtained 
10-™ sec and 0.1 - 10-™ 


in the two cases, 0.5 - 


10r Tp 


sec, are significantly different. 

Data on a specimen containing a small amount of 
oxygen and a large amount of nitrogen are shown in 
Fig. 8b. This sample is the same as the one corre- 
sponding to the largest amount of nitrogen in Fig. 5a. 
For this sample, the interaction peak at 175°C is 
separated by 38° from the normal peak. It is possible 
to measure separately, reasonably well, the shifts in 
the normal and the interaction peak temperatures 


The 


position of the interaction peak was located by sub- 


with changes in the frequency of vibration. 


tracting from the experimental curve, a calculated 
The 


data obtained for the normal peak are in good agree- 


damping peak corresponding to normal peak. 


ment with those found with the specimen containing 
oxygen alone in small amounts (26.1 vs 25.8 keal in 
the activation energy and 0.5 vs 0.3 - 10~™ sec in 7,). 
The activation energy for the oxygen-nitrogen inter- 


action peak was found to be greater than that for the 
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AND 


The 


values obtained for 7), 0.3 vs. 1.0- 10-14 sec, are not 


normal oxygen peak, 27.3 against 26.1 keal. 


significantly different within our experimental error. 
The activation energy for the diffusion of nitrogen 
concentration has also been 


Fig. 8c. We 


activation 


in tantalum at low 
measured. The results are shown in 
of 37.5 keal for the 
10-14 see for r+ 


which the nitrogen peak height was about 0.019. 


obtained a value 


» With a specimen in 


energy and 0.8 

The activation energies measured for the normal 
peaks, 25.8 and 26.1 keal for oxygen, and 37.5 kcal 
for nitrogen, should be compared with some values 
obtained by an entirely different method. It has been 
shown that the half-breadth, W,,,, of a damping peak 
corresponding to a single relaxation process, bears the 


following relationship to the activation energy." 


E (keal) 


5.28 W, 2: 


If a plot of the half-breadth of a damping curve for 
various interstitial concentrations is extrapolated to 
zero concentration, where interactions do not occur, 
the value of the half-breadth so 
correspond to that for only one relaxation process. 


obtained should 
Previously, we reported a value of 25.0 kcal for oxygen 
this This 


obtained by an extrapolation of a half-breadth plot to 


in tantalum by method.” number was 


zero oxygen concentration. More properly the extra- 
polation should have been made to zero total inter- 
stitial concentration. With the data available in Fig. 
5a, we can now correct for the broadening arising from 
the small amount of residual nitrogen left in the 
A half-breadth of 0.204 - 10-% 


is thus obtained corresponding to an activation energy 


“oxygen” specimens. 


of 25.9 keal. This is in good agreement with the values 
25.8 and 26.1 keal obtained in the more conventional 
manner. 

An extrapolated half-breadth of 0.143 is 
obtained from Fig. 2 for nitrogen in tantalum. This 
corresponds to an activation energy of 37.0 keal. 
This number should be compared with the value 
37.5 keal obtained from the measurement of the shift 
in the peak temperature with changes in the frequency 
of vibration. 

The Marx, Baker, 


Sivertsen'®) shows a wide variation in the activation 


compilation by and 


energies for the diffusion of oxygen and nitrogen in 


and tantalum, as measured by various 


Undoubtedly a factor contributing to this 


niobium 
workers. 
variation is that due to concentration which has not 
always been controlled very well. The extra relaxation 
times found as a result of interactions at the higher 
concentrations have higher activation energies, and 
thereby increase the average activation energy as 


INTERNAL FRICTION IN SOLID 


SOLUTIONS OF TANTALI 


PEAK TEMPERAT 


Activation energy detern 


of oxygen in tantalum a 


measured in a damping experiment. Therefore, to ob 
tain unambiguous results, activation-energy measur‘ 
ments should be carried out on specimens containing 


interstitial solute atoms at low concentrations 


SOME COMMENTS ON THE NATURE OF THI 
INTERACTION BETWEEN INTERSTITIAL 
SOLUTE ATOMS 
over arange of concentratio1 


diffusion of a 


It has been shown that 
the internal friction associated with the 
» described rather well by 
Moreover 


onstant as a Tun 


single solute element 


only two relaxation times the positions of 


the two peaks appear to be ¢ 


composition. These facts suggest perhaps that inte 


actions between solute atoms can take 


‘lative configurations 


rather limited number of r 
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that the interaction forces extend over only short 
atomic distances. 

Other experimental observations lend some support 
to this viewpoint. Should a strain interaction occur 
over relatively large distances, it might be expected 
that plastic deformation or the presence of a large 
number of precipitate particles would alter the breadth 
of an experimental internal friction peak. Neither do, 
however. 

A tantalum wire was loaded with 0.20 weight per 
and aged at 600°C for one day. The 
the half-width 
further for a 


cent 


nitrogen 


damping was 0.105 and 


maximum 
0.211 - 10-*. 
week in a 


oradually fi 


This specimen was aged 
whose temperature was lowered 
100°C. The peak height 


half-width to 0.186 - 10-3. 


furnace 


om 600° to 


ed to 0.0676 and the 


yeraphi examination disclosed the presence of 


ge amount of precipitate compared with that in a 


specimen loaded with 0.12 weight per cent nitrogen 
for which the maximum damping was 0.10. The values 
of the half-width subsequent to the two aging treat- 
Fig. 2. These data 


the shaded circles. It 


ments have been plotted on 


is seen that the 


this specimen with a large amount of 


precipitate is no er than those containing no such 


ar its 
quantity OT preci 


The cold-w 


briefly in a previous report.) 


experiments have been described 


( rk 


CONCLUSIONS 


The internal friction arising from the diffusion of 


n in tantalum can be represented as the sum of 


and the 


OXvg 
two peaks, one occurring at 137°C other at 
*C (applied frequency ~ 0.6 c.p.s.). The peak at 
whose height is directly proportional to the 


oxygen concentration, is interpreted as arising from 
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the diffusion of free, non-interacting oxygen atoms. 
The second peak, whose height is proportional to the 
square of the oxygen concentration, is interpreted as 
arising from the diffusion of oxygen atoms, each of 
which is interacting with a neighboring oxygen atom. 
Similarly, the damping arising from the diffusion of 
nitrogen in tantalum can also be represented as the 
sum of two peaks, one at 334°C and the other at 362°C 
(vy ~ 0.6 ¢.p.s.). The second peak, whose height varies 
as the square of the nitrogen concentration, is inter- 
preted as arising from the diffusion of nitrogen atoms, 
each of which is interacting with another nitrogen 
atom in its neighborhood. 


When both 


tantalum, a peak is found at 


nitrogen are 
175°C 


oxygen 


oxygen and present in 
whose height 

ana 


varies as the product of the nitrogen 


concentrations. This peak is interpreted as arising 
from the diffusion of oxygen atoms, each of which has 
a nitrogen atom with which it is interacting in its 
neighborhood. 

The activation energies found for the diffusion of 
oxygen interacting with other oxygen atoms or with 
nitrogen atoms are higher than that measured for the 
diffusion of free, non-interacting oxygen. 

The interactions between interstitial solute atoms 
appear to occur over short atomic distances from a 


limited number of relative configurations. 
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THE GROWTH OF DISPERSED PRECIPITATES IN SOLUTIONS* 
G. W. GREENWOOD? 


When dispersed particles of a second phase exist in a saturate 
smaller particles to dissolve and larger ones to grow, by the transfer of 
particle to particle. The driving force is derived from the consequent reductio1 


This process is analysed theoretically in terms of a resultant diffusion flow from t 


particles, and formulae are derived for the rate of change of particle size. The theory 


particular case of the growth of solid particles dispersed in a liquid solution and show) 


of magnitude with observed rates of growth in uranium-lead and uranium-sodium slur 


LA CROISSANCE DE PRECIPITES DISPERSES DANS LES SOLUTIONS 


Quand des particules dispersées d’une seconde phase existent dans une solution sat 
tendance a la dissolution des petites particules et a la croissance des plus grosses, ce proce 
par le transfert de particules en particules des atomes en solution. 

Celui-ci résulte de la réduction de l’énergie interfaciale totale. 

Ce procédé est analysé théoriquement aux termes d’un “courant” de diffusion rés 
plus petites particules aux plus grosses et des formules sont déduites pour la vitesse 
taille des particules. 

La théorie est appliquée au cas particulier de la croissance des particules solides di 
solution liquide et montre un accord sur lordre de grandeur des vitesses de croissance 


des suspensions uranium-plomb et uranium-sodium. 


DAS WACHSTUM DISPERSER AUSSCHEIDUNGEN IN LOSUNGEN 


Sind in einer gesattigten Lésung feinverteilte Teilchen einer zweiten Phase vorhanden, so 
Tendenz, dass infolge eines Ubergangs des gelésten Stoffes von Teilchen zu Teilchen durch 
mittel die kleineren Teilchen sich auflésen und die grésseren wachsen. Die treibende K1 
von der sich insgesamt ergebenden Verringerung der Grenzflachenenergie her Det 
theoretisch behandelt als resultierender Diffusionsstrom von den kleineren zu den gréss« 
Dabei werden Formeln fiir die Anderungsgeschwindigkeit der Teilchengrésse 
wird auf den speziellen Fall des Wachsens feinverteilter fester Teilchen in einer fliissigen Lést 
det und es wird gezeigt, dass sie gréssenordnungsmiassig mit beobachteten Wachstumsgeschw 


in Uran-Blei- und Uran-Natrium-Schlamm iibereinstimmt. 


INTRODUCTION particles in a liquid medium ut the 


It is inherent in all systems where there are dis- particles have previously been 
persed particles of varying size having some solubility process is analogous to the greate! 
in the surrounding medium, that the smaller particles of small droplets becaus 
tend to dissolve and precipitate onto larger particles; pressures with subseque condensa 
in the final state the system tends to form a single on the larger drops under saturation 
particle. The driving force is derived from the analyse it quantitatively, 
consequent reduction in interfacial energy. This known Thomson-Freundlich 
process underlies many practical phenomena, and __ bility to particle size 
the rate at which it takes place is therefore of some 
importance. A rigorous analysis is likely to be 
immensely difficult, and the purpose of the present 
work is to analyse the process in just sufficient where S is the true solubility 
detail to deduce approximate formulae, on the contact witha particle of radiu 
basis of a diffusion flow, from which the rate may be _ solid of molecular weight V/ 
reasonably estimated. Particular attention will be between solid and liquid 
given to the case of solid particles dispersed in a meaning 
liquid solution. Equation (1) determines th« 

A number of observations of the growth of solid with decrease in particle siz 


that very finely divided meré oxic 
teceived September 15, 1955. soluble in 
+ Atomic Energy Research Establishment, Harwell, Didcot, : 
Berks, England and sodium thiosulfate than when it was 


1 normal solutions o otassium 
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RADIUS a, 


RADIUS a, 


Dispersed precipitates in a saturated solution. 


form. He obtained similar results for various salts 
in water. 
gypsum and barium sulfate in water with decreasing 
particle size, but the effect was only measurable for 
particle radii less than about 2 uw. It was noted that 
larger particles tended to grow at the expense of the 
smaller particles. The absence of very small particles 
in the neighborhood of a large particle has been cited 
as an example of the same effect.) 

It has been argued that the Thomson-Freundlich 
equation has limited application,” since it is based 
on the assumptions that the solution is ideal and 

and density are in- 
There 


demonstrations of the variation of interfacial tension 


that the interfacial tension 


dependent of particle size. have been some 


with radius of curvature,’® ” but the effect is in- 


significant for particles greater than Il-y radius. 
For particles above this size and with a low solubility 
in the liquid, the equation should apply with a fair 
degree of accuracy 


A GENERAL ANALYSIS OF PARTICLE GROWTH 


Consider two particles of radii a, and a, in a system 
surrounded by solute 


and S 


as shown in Fig. 1: these are 


concentrations in the liquid S respectively. 
2Mo 2Mo 
If and are both small compared with 


RT p1, RT pa, 


unity, then from equation (1) the concentration 


difference is 


2MaS [1 
| 


RT p 


If the diffusion coefficient of the solute in the 


liquid is D the 
of the diffusion path between two particles (A/z), 


and effective area-to-length ratio 


then from Fick’s law the mass of solute transferred 


per unit time dQ/dt is given by 


dQ 
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Hulett’ found increasing solubility of 
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Now, dQ/dt is the rate of gain of mass of ay, and this 
is equal to the rate of mass loss of aj. 

day 


dt dt 


dQ) das 
»477a,° 


crowth equation for ly is 


day A\2MoS (11 


Extending these considerations to an entire system 
of n particles of radii M4, Ay, Ag 
growth of a particle of radius a is given by the 
equation 

da 


S 
RT p 


where (A x). refers to the area-to-length ratio of 
the effective diffusion path between the particles 
a and a.. 

Equation (2) implies that the larger particles of the 
system are growing at the expense of the smaller 
ones, which are dissolving. When very small par- 
ticles are present on the verge of dissolving com- 

2Mo 


is not small compared with 
‘4 pa 


2Mo 
S cannot be replaced by S. In 


RT pa 


most cases, however, this modification is unlikely 


pletely, for which 


unity, S 


to be of significance, since particles of this size are 

dissolving rapidly and their number at any instant 

must be small. Let a, be the radius of the particle 

which is instantaneously neither growing nor dis- 
da 


solving, then 


The radius a, is thus deter- 


mined from 


Using this relation, equation (2 


da 2Mo 
ptra* DS — 
dt RT p 
be used in principle to 


Equations (3) can 


determine exact rates of growth. However, in 

general cases the evaluation of the expressions for 

a, and | presents great difficulties. The rate 

of growth or solution of a particle is chiefly influenced 

neighbors, and the overall growth- 


by its nearest 


rate of the system is consequently dependent on the 


distribution of particle sizes throughout the volume. 


THE CALCULATION OF GROWTH RATE FOR 
HIGHLY DISPERSED PARTICLES 
The problem of evaluation of the effective diffusion 


paths is much simplified in the case of particles 


(2) 
r \ad a 
" (A 
can be written 
= 
dQ A\ 2MoS [1 
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which are highly dispersed and have a uniform size 


Under 


around 


the volume. 


concentration 


throughout 
the 


distribution 


conditions solute each 
particle is assumed to be spherically symmetrical, 
and an average value is found for the solute con- 


centration at an infinite distance from the particles. 


The case of a single particle dissolving into an infinite 


liquid is first considered, and the growth-rate of a 
system of particles is developed from this. 
The diffusion equation for a dissolving particle 


can be written 


(4) 


when ds/dr is the concentration gradient of solute 


at a distance r from the centre of the particle. If 


the solute concentration at a distance 7 is S, and 


S,, at a great distance from the particle, 


x 


(da\ dr 
| D 


On integration 


pa da\ | 
D r 


The variation of S, S.. with r plotted from equation 


(5) is shown in Fig. 2. If S, is the solute concentration 
at the particle surface when r a, then equation 


(5) becomes 


6) 


pa | da 


D \dt 


In a whole system of x highly dispersed particles, 
their total mass is constant, providing their solubility 
is small. Hence 
x , da 
2. para, 


i 


da 


Substituting for " from equation (6), 
t 


( 


S 4ra,D(S 
i=l 


and substituting for S, from equation (1), 


2MoasS 
(8, 
i=1 RT pa, 


2MoS 


n 2MoS 
S / 
RT p 


rherefore (S_ 
| I'p 


and since ‘ is the arithmetic mean radius of the 


2MoaS 


RT pa, 


system @,,. 


DISPERSED 


these 


PRECIPITATES IN SOLUTIONS 


Sp—Sq@ IN ARBITRARY UNITS 


solute concel 


Fic. 2. Variation of 


from a sphere dissolving 


Into an 


Substituting for S from equation 
2? 
p 


and from equation (6), the particle-growth equation 


da 2Mo | | 
DS — 
dt RT pa 


is obtained. Equation 7) isa spe cial case of the more 


eral formulae (2) and where 


aila 


The graph ot da/dt ag 


Inst 
plotted from equation (7) shows 


Particles ot 


some 


features. radius less than 


solving at increasing rate vith decrea 


of a. Particles of radius g er than a 


but the graph shows a maximum 


da/dt for a Thus 


Value 


orowth rate 


~ 


instant, particles of radius twice the arithmeti 


mean radius of the distribution are growing 
fastest 
Ovel 


discontinuously 


rate 


a period of time the value of n decreases 


when particles dissolve completely 


and thus disappear. It is a consequence of this that 


the system ultimately tends to form one large par 


ticle. The mean particle radius @, increases as 


decreases, and thus the orowth-rate slows down 


APPLICATION OF THE FORMULAI 
The 


(2) and (3) 


difficulties of exact evaluation of 


equations 


were mentioned for the case where the 


particles are close together this is often the case 


\ 
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of most practical importance, as for example where 
the particles have settled out under gravity. These 
difficulties arise from the complex diffusion pro- 


which are occurring, and the growth-rate 


cesses 
depends upon the precise mode of particle packing. 
However, it is of interest to determine how equation 
7) is affected as a system of highly dispersed par- 


ticles is brought close together. The rate of crowth 


or solution depends on the value of ds/dr at the 


particle surface from equation (4). Its value for a 


sphere in a _ highly dispersed distribution from 


S 
, and it corresponds 


equations (4) and (6) is 


a 
dotted 


line in Fig. 2. As 


the 


to the gradient of the 


particles are brought closer together, value 


of lds/d) 


boring particles 


increases. At adjacent points on neigh- 


ids d) 


a result these points rapidly assume the same cur- 


becomes very large, and as 


vature However, approximate geometrical con- 


that the overall value of ds/dr is 


factor of five 


siderations indicate 


unlikely to be greater than a about 
times Moreover, if the range of particle 


ad 
throughout the 


uniformly distributed 


ds dr IS 


clustered 


sizes 1s not 
then decreased: 


the 


volume, 
ds dr 
Thus the two factors, increasing 
lack of 
throughout 


similar sizes together, value of 


can be ver\ small. 
uniformity of 


the 


closeness of particles and 
volume, 


that 


particle-size distribution 


have opposite effects on ds/dr. It appears 


equation (7), derived for a system of highly dispersed 


particles, can therefore provide a fair estimation 
of particle growth-rate for particles close together 


and with a reasonably uniform distribution of 


particle sizes throughout the volume. 
The solid 


spherical, though in many cases particles in liquids 


particles have been assumed to be 


we bounded by crystallographic faces. The formulae 


‘an still be expected to apply if the particles are 


considered to have effective radii equal to those of 


For markedly 
further 


spheres having the same surface area. 
the 


development, to take into account the dissolution 


unisotropic crystals theory requires 


and reprecipitation processes which can take place 


on different crystallographic faces of the same 


particle. 


The formulae (2), (3), and (7) have been derived 
on the assumption that the growth process is de- 


Where there is 
the 


pendent on a diffusion mechanism. 


any relative motion of parts of system, the 


formulae are invalid. Dispersions ot 


colloid 


Brownian 


size will have growth-rates affected by 


motion. The formulae will be inaccurate 
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when temperature fluctuations occur and the steady- 
state diffusion is destroyed. The theory has assumed 
that particle aggregation and sintering do not occur, 
though in some cases these phenomena contribute 
to particle growth. Finally, it has been assumed that 
the particle solution rates are sufficient to maintain 
the diffusion currents. This can be expected to apply 
interfacial areas involved. 


because of the large 


COMPARISON WITH EXPERIMENTAL RESULTS 


Some measurements have been made of growth- 
rates of settled slurries of particles of UPb, phase in 
liquid lead, and of uranium particles in sodium. 
For UPb, in lead the specimens were sectioned 
before and after heating at certain temperatures, 
and the maximum dimensions of the particles in a 
given direction in the section were measured. The 
related to the true- 
Herdan,‘®) but the 


since the 


measured-size distribution was 


size distribution as described by 


true-size distribution was not calculated, 


correction was within the range of error for approxi- 
mations in the theory and in some metallurgical 


data used. Table 1 shows some results for UPb, in 


lead. 
TABLE | 


Measured increase in ; 
( onditions 
mean radius 


after 5 days at 500°C 
after 5 days at 600°C 
after 5 days at 600°C 
after 30 hours at 750°C 
after 30 hours at 750°C 

I 

I 


to6u 
to 10 
to%u 
ito low 
to l2u 
from 3 to l64u 
from 3 to 27 
to 29 u 


from 2 
from 5 
from 
from 
from 
after 5 days at 750°C 
after 
after 


20 day s at 750°C 


from ¢ 50 days at 750°C 


with Table 1, 
calculated 


For comparison graphs are plotted 

of da/dt 

Fig. 3 shows growth rates for distributions of mean 

radii 2 uv, 4, and 8 yu at 500°C; Fig. 4 for mean 
10 uw, and 20 uw at 600°C; 


against a from equation (7). 


radii of 5 yw, and Fig. 5 


for mean radii of 5 uw, 10 uw, and 20 uw at 750°C. 

In the calculations, the Stokes-Einstein equation’ 
has been assumed valid, the diffusion coefficient D 
being given by the expression 

RT 
D 


where 7 is the viscosity of the liquid, d the diameter 


of the diffusing atom, and N Avogadro’s number. 


Substituting for D in equation (7), 


da S 2Mo 1 l l 
a 


dt N 371d p* a a 


(8) 


GREENWOOD: THE GROWTH OF 


LOCUS OF MAXIMA 


FOR MEAN RADIUS 5y 
FOR MEAN RADIUS 1Op 
FOR MEAN RADIUS 2y - FOR MEARK 
OR N 
FOR MEAN RADIUS 4y 


FOR MEAN RADIUS 6y 


IN MICRONS PER DAY 


go 
dt 


TE 


~ 


GROWTH RATE 


12 16 20 24 
PARTICLE RADIUS a IN MICRONS 


GROWTH RA 


Curves of da/dt against a for 
at 500°C, 


The data used in plotting Figs. 3, 4, and 5 from 


equation (8) are: 
3 at 500°C, 
10-? g/em? at GOO°C, 

10-2 g/em? at 750°C. 
Avogadro’s number 6 1073, 
interfacial tension between UPb, and lead,‘ 
~100 ergs/em*, 


gram molecular weight of uranium 238 


IN MICRONS PER Day 


density of uranium in UPb, = 3.75 g/em?,"° 


da 
dt 


viscosity of lead.“2) 


poise at 000 ( 

20 30 40 
10~* poise at 600°C 


GROWTH RATE 


10-2 poise at 750°C 
(10) 


atomic diameter of uranium 


em. 


An alternative approximate method of calculating 


particle growth can be obtained by considering the 


growth of the particles which are always twice the 
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and thus the growth equation for a particle of radius 
of equal to 2a,, is: 
da 2Mo 1 
DS - 
dt RT p* a* 


On integration 


2Mo 
R 1 


3DS (10) 


are the initial and final radii of the 
particles growing at fastest 


This that the 


tribution is of a sufficient range to include particles 


where a, and a, 


the rate throughout. 


assumes initially particle-size dis- 
of radius 2a,,, and that such particles are present 
the the The 
tribution as a whole will grow at a rate slower than 
10), 


orders of 


throughout growth of system. dis- 
this, but since the cube of a occurs in equation 
should the 
For given values of a, the values of a, 
Table 2. 


experimental 


the equation vield correct 
magnitude. 
shown in 

the 


which are somewhat smaller than 


have been calculated and are 


This 


results in Table 1, 


affords comparison with 
the calculated values, as expected. 
In the 


powder before and after heating in sodium for a week 


measurement of particle sizes of uranium 
found in distributions of 

Data 
a distribution of this 


at 500°C. no change was 


mean radius about 1 uw. for calculating the 


maximum growth-rate in size 


at 500°C from equation (9) are: 


solubility of uranium in sodium ~1l0-* 


g/em?, 


interfacial tension between sodium and 


uranium") ~500 ergs/em?, 
density of uranium, 19 g/cem?, 
LO 3 poise, 


viscosity of sodium 


lead. The 


3 per 


UPb. 
maximum growth-rate is 4 10 
Too 


Other values are as used for 
calculated 


Thus 


detected under the experimental conditions, and a 


day. the growth-rate was small to be 


stable slurry can be formed of uranium particles of 


mean radius less than 1 uw contained in sodium. 
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TABLE 2 


a a ai Temperature 
Time 


in microns in microns 


600 


days 
5 day ~ 
hours 750 
5 days 750 
days 750 
days 750 


CONCLUSIONS 

The 
solution by a diffusion mechanism depends on the 
The 


moting stability (slow growth-rate) are particles of 


growth of dispersed particles in a saturated 


many variables discussed. chief factors pro- 
large mean radius, high density, and low molecular 
weight, with low values of the solute diffusion co- 
efficient, the solubility, and the interfacial tension. 
All these variables may change considerably from 
system to system. A _ strictly rigorous approach 
to the problem would be immensely difficult and 
has not been attempted, but the approximate for- 
mulae derived are capable of predicting growth-rates 


of the correct order of magnitude. 
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CLOSED MISCIBILITY GAPS IN TERNARY AND QUATERNARY 
REGULAR ALLOY SOLUTIONS* 


J. L. MEIJERING?{ and H. K. HARDY 


Although the regular-solution model is only an approximation, it may yield useful s 
results in predicting the form of ternary miscibility gaps from binary data. The spi 


co-ordinates of second-order 


quaternary regular solutions has been derived and the 


given as a function of the six binary interaction parameters. Quaternary critical px 


interest, as they are connected with closed miscibility gaps. The conditions 


critical temperature to be raised by the addition of a fourth component a1 


to miscibility gaps in liquid and f.c.c. alloys. 


LACUNES DE MISCIBILITE FERMEES DANS LES SOLUTIONS IDEALES 
D’ALLIAGES TERNAIRES ET QUATERNAIRES 


Bien que le modéle de solution idéale soit seulement une approximation, il peut conduire 


semi-quantitatifs utiles, en prévoyant la forme des lacunes de miscibilité ternaires a parti 
obtenues sur des alliages binaires. 

L’*équation spinodale des solutions idéales quaternaires est déduite et 
critiques du second ordre sont données, comme tonction des SLX parametres binalres ci inte 
Les points critiques quaternaires sont d’un intérét spécial car ils sont en relation 
de miscibilité fermées. 

Les conditions qui provoquent une élévation de la température critique ternaire, pé 


quatriéme composé, sont données. 
Les résultats sont appliqués a des lacunes de miscibilité de liquides et d’alliages cubiques a f 


GESCHLOSSENE MISCHUNGSLUCKEN IN TERNAREN UND QUATERNAREN 
REGULAREN LOSUNGEN VON LEGIERUNGEN 

Obwohl das Modell der reguliren Lésung nur naherungsweis« , kann man n 
binarer Systeme brauchbare halbquantitative Voraussagen iiber Form ternal 
gewinnen. Die Spinodalgleichung quaternarer regulaérer L6sungen wurde abgeleitet 
der kritischen Punkte zweiter Ordnung sind als Funktion der sechs binaren | 
angegeben. Quaternare kritische Punkte sind von besonderem Interesse, 
geschlossener Mischungsliicken zusammenhangen. Es werden die Bedingu 
eine ternare kritische Temperatur durch Zufiigen einer vierten Komponente 


werden auf Mischungsliicken in fliissigen und kubisch-flachenzentrierten L« 


1. INTRODUCTION 


Some years ago one of the authors made an analysis 
] 


of phase separation in ternary regular solutions. 
These are characterized by the free energy 


F = axy + baz + cyz+ RT(xInx+ ylny-+ zinz) 
(1) 


where x, y, and z are the mole fractions of the three 
components X, Y, and Z, and a, b, and ¢ are three 
interaction-energy parameters, each being connected 
with one of the binary boundary systems (see Fig. 1). 
Of course, (1) is only a rough approximation. Firstly, 


all short-range effects (and superstructures) are 


disregarded. Secondly, each binary system is taken 
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be thermodynamically symmetrical. To take care 
f these shortcomings would lead to serious compli- 
tions, at least when an overall picture of the effect 
if different combinations of the parameters is desired.* 
the 


examined by 


case of regular 


the 


This applies particularly in 


quaternary solutions, authors.) 
In the present paper we wish to apply the results to 
a discussion of closed miscibility gaps in alloys. 
2. SECOND-ORDER CRITICAL POINTS AND 
PSEUDOBINARY SECTIONS IN TERNARY 
SOLUTIONS 
simplicity of the regular approxi- 
For 


cases a miscibility gap in a ternary 


In spite of the 


mation, it yields results that are not trivial. 


instance, in many 
contracts by a growing tendency towards 


the 


system 


phase separation in one of binary systems. 
There is a well-known qualitative rule due to Timmer- 
mans and Bancroft, which says that miscibility in a 
binary phase X—Y is diminished by adding a third 
component Z, when the affinity between Z and X is 
widely different from that between Z and Y. In the 
regular approximation one obtains” the inequality 


b c | a (2) 


which is a quantitative form of the above-mentioned 


When difference 


between the parameters describing the interactions 


rule. the absolute value of the 


of Z with X and with Y is greater than the interaction 
which is positive when 


this 


parameter between X and Y 
there is a miscibility gap in the X—Y system 
gap is widened by a small addition of Z: it becomes 
narrower when | b —c}| <a. Inequality (2) is valid 
for all temperatures up to the binary critical point at 
y 1, RT ly. 
for the critical point by Prigogine. | 
When 0 a h c 0. so 


4 is the highest or only one, 


It was derived earlier implicitly 

that the binary 
critical point at a y 


Cc) a causes a ternary critical point 


a h 


te” 


ScR 
where / 


is short for 
Phe. (4) 
A ternary critical point can also appear when all three 


parameters are negative, namely when L is positive, 


* So long as each binary interaction can be described by 


regular-solution approxima 


When a specific case 


sufficient] 


one parameter | ffinity , the 
is to be 


Satisiactory. 


tion appears to be 


col sidered, al d the Dinary data are accurate (or 


asymmetrical) to warrant the introduction additional 


parameters, the subregular’ approximation’) will not 


present unsurmountable difficulties in the tern: case. 
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that is to say: V —c V—a V —b. The closed 
miscibility gap growing in the concentration triangle 
from the ternary critical point on decreasing 7’ then 
does not attain any of the binary sides in a binary 
critical point; at 7 0 it covers the whole triangle, 
however. 

A ternary critical point is one sort of second-order 
critical point, the other being a saddl point. In both, 
two first-order critical points merge together: in the 
former at increasing 7’, the miscibility gap vanishing: 
but in the latter at decreasing 7’, two miscibility gaps 
flowing together. One, two, or three saddle points 
may appear in a system, but only when a, 6, and e, 
are positive and L negative. 

A second-order critical point in a regular system 
always forms the culminating point of a symmetrical 
(regular) miscibility gap in a pseudobinary section 
through one of the triangle corners and a point on the 
opposite side. In the case of a ternary critical point, 
this side has the strongest negative interaction of the 
three: the pseudobinary section corresponding with 
equations (3) goes through the X corner and a point 


with 


The pseudobinary section through a saddle point is 
metastable at low temperatures, owing to three-phase 
itself may be 


equilibria. Even the saddle point 


metastable. 


3. CLOSED MISCIBILITY GAPS IN 
TERNARY ALLOYS 


The shift towards higher 
binary critical point in the liquid phase of Pb—Zn by 
addition of Ag the 
critical point in Pb-Zn—Ag 


would be 


temperatures of the 


and existence of a ternary 
as found by Seith and 
Although the 
Ag affinity 


Ternary 


collaborators, expected. 
Pb-Zn gap is rather asymmetrical, the Zn 
is strong enough to leave a safe margin. 
critical points can be predicted also in the systems 
Bi-Zn—Ag and Bi-Zn—-Cu. 
made by us, we found that Henglein and Késter® 


had both Pb—-Zn-Ag. 


The investigation was more concerned with the three- 


After this prediction was 


examined systems, and also 
and four-phase equilibria (with solid phases par- 
ticipating) than with the miscibility gap in the liquid 
phase itself. The fact that they did not discover 
closed miscibility gaps in the two systems with silver 

of Seith 
3i-Zn—Ag. 


In all three systems Henglein and Késter determined 


is therefore not in conflict with the result 


etal. or with our prediction concerning 


the critical end-point, where a first-order critical 


liquid is in equilibrium with a solid phase. In such 


A 
|| te 
/ (3) 
| 
| 
| 
| 
| 
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a tie-line a series of three-phase triangles (liquid, 
solid) ends with increasing 7’ when the two 


In the Bi-Zn—Cu 
this critical point was found at about 15 at per cent 


liquid, 
liquids become identical system 
Bi, 20 at. per cent Zn, and 65 per cent Cu (coexisting 
bismuth-free and 
100 


with a x-brass) 


O30°C. 


practically 


Now, this is at least higher than the 

3i-Zn 
conclude that there is indeed a closed miscibility 
still higher 7’ it 


will disappear in a ternary critical point.* 


binary critical point of |] Therefore, we must 


gap in the Bi-Zn—Cu liquid phase; at 


Closed miscibility gaps have also been found in the 


Al Me Sb ot Bi Cu Sb 7+ 
In the former, all three binary interactions will 
Bi and Sb, 


the 


liquid phase of and 


probably be negative, but in the latter 


and certainly Bi and Cu, mix endothermically; 
corresponding binary sides are only prevented from 
being attained by the miscibility gap by the appear- 
ance of solid phases. 

We now look at two binary critical points in face- 
centered cubic phases, namely in Au-Pt and Au—Ni. 
As their critical temperatures do not differ very much, 
a not-too-weak Ni—Pt affinity would mean that both 
The 


stability of the Ni,Pt superstructure (greater than 


are raised in the ternary Au—Pt—Ni system. 


that of Cu,Au) is in favour of a strong Ni—Pt affinity. 
This in itself is an uncertain argument when magnetic 
phenomena may be involved, but the Fe—Pt affinity 
resulting from activity measured in f.c.c. Fe—Pt alloys 
by Larson and Chipman‘? is so strong that it seems 
justifiable to predict that the Au—Pt critical point is 
raised by Ni additions, and the Au—Ni critical point 
by Pt additions. This would lead to a ternary critical 


point in Au—Ni-Pt, 


with respect to the liquid phase 


but this is probably not stable 


The Au—Ni binary critical point can be expected to 


be raised also by Ag, or Co. This is rather trivial, 
Ni-Ag and Au—Co 


cibility and would have high critical temperatures if 


Si should behave 


because have very limited mis- 


the liquid phase did not interfere. 
similarly. Asthe solubility of Siin solid gold (practically 
pure silicon being the coexisting phase) is quite small, 
the differential solution energy of Si in Au will be 


That of 


* Note added in proof 

Quite recently Seith, Johnen, and Wagner have indee« 
found that Bi-Zn—Ag Bi-Zn 
The same holds for Pb—Zn 
Zn—Cu. With their binary 

predict closed gaps 
Lack thermodynamic data on 
same for Tl-Zn-Ag. (W. Seith, 
Z. Metalikde, 46, 773, 1955). 

+ In this section (and the 
three components in such a way that the 
the affinity 


parameter). 


positive. Si in strongly neg 


Cu show closed miscibilit 
Cu, Tl-Zn—Ag and 
data on Tl—-Zn and Pb—Cu 
Pb—Zn—Cu and Tl—-Zn—Cu 
Tl-Ag preve the 
H. Johnen, and J. Wagner. 


and 
gaps. probab 
TI 


ome can 


also 
in 
nts doing 


of 


write the 
third 


iteractiol 


also last one) we 


in 
second and 


have strongest mutual negative 
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It 
to 


is true that we need the tities with 


T.C.C. 


between 


quan 


silicon, but the own energy-di 


ence this hypothe modificatic 


S1 structut vanishes 


athnitie 


diamond 


Ni 


with 
Au 


inequality 2 


Si and Si 


} 
The ternary critical point i 


Raub and Engel,’ the 


LS 
solid solutions so fai 
made rather uncertain | the 


Ni-Au miscibility gap the 


thermodynamical data o1 


is 

and juanti 
Howevel 

lid 


be 


heats of mixing in the liquid and s 


cannot be very different, as can concluded 


calorimetric measurements”? 


and by a consider: 
of the liquidus and solidus curves. Therefore, it 


Ni-Cu 


agreement 


probable that the solid solutions will 


roughly ideal, in with the absence o 


distinct tendencies towards ordering or segregation 


If the Ni—Cu interaction parameter 1s taken to be zero 
] 


inequality (2), in order to have a closed miscibility 


Cap. hecomes 
2R1 


a 


absolute critical 


Here 7' the 


Ni-Au, and c the Au—Cu interaction paramete1 


temperature 


latte! is about 5.0 keal accordi »}e.m.t. measure 


by Oriani and by earlier authors 


ments 


activity measurements by Balesdent 
the equilibria 2 Cu 
> keal As 2RT 


6.2 
satisfied, but the margin is smal 


Ni—Cr sy 


is D 


evaluation of the Cu 
Cu—Ni 


Weak 


interaction 


lv negative 


that Cu should raise the 


») 


(cf. inequality 2 
[Tn quality 
right-hand 
deduced the 


AKe da 7] 


trom 


we must t 


system) to be the nonideal part « 


time 


extra 


minus 
his 


ular solutions, but 


mixing This is equal to the energ 


non-Gibbsian entropy of mixi tr 


by definition is zero for reg 
When the 


he approximat d 


it is strongly extra entro 


positive 


the energy—can by 


function, the behaves 


system 


with its interaction paramet 


temperature 

When a/7’ 
id be ing permitter 
for a 


isothermal secti 


ar plotted artesian 


co-ordinates 
of TJ 


isothermal section identical with an 


functions each point stands 


reference 


ffer- 


The 


and 
he the 
+ 
e subtracted 
Ni—Au—Cu. f nd b 
Lit wuscovered ll 
explanation 
l Dl st 
LOOKS 
5 
ve 
ite 
A 
Recent 
-) hy means of 
H. viel poout 
\ thermodynamica 
MM stem indicates that the 
IS WeaKI\ SIT1Vé rathet thal 
Ni Au l teracti Dal tel 
the 
n>, the free « 
- LIKE 
a Wa 
as though regular, but 
| 
he | ( 
ternary 


ACTA METALLURGICA, 


through some regular system. The points depicting 
the sections through such a system lie on a straight 
line. If the system is really regular, this line goes 
through the origin; which is approached asymptotic- 
ally for infinite 7’. 

Naturally, the 
entropy can be negative. 


parameter describing the extra 
If the entropy of mixing S 


in a binary system is given by 


R{x In x + (1 — x) In (1 — 2)} — fRe (1 — 2), 


d?S/dx? is positive around x = diff > 2. Therefore 
lower critical points 
H,O-triethylamine, and probably also Cu—Fe and 
Cu—Co this Indeed, 
such a critical point is characterized 


(2 F dx?and F dx being ZeTo) by d2S 


can be treated in scheme. 
(besides by 


() (15, 16, 17) 


4. THE SPINODAL EQUATION OF 
REGULAR SOLUTIONS 

When, at a given temperature, the free-energy 
surface of a regular ternary solution is everywhere 
convex from below, no phase separation occurs at this 
temperature. When the free-energy surface is both 
concave and convex, double (or triple) tangent planes 
are possible. Each double-tangent plane is associated 
with a tie-line ina two-phase domain. The calculation 
of such a tie-line necessitates numerical computation 
of three (in the case of quaternary regular solutions 
four) equations, *) except in pseudobinary sections. 
The end-points of the tie-lines lie on the solubility 
(“‘binodal’’) surface* (for a ternary isothermal section 


it is a curve). It separates the domain where the 


homogeneous solution is absolutely stable from that 


where it is only metastable. For an overall survey of 


phase separation it is much more practical to use the 


equation of the spinodal surface.* This forms the 
boundary between metastable and unstable domains. 
Its relative importance lies in the fact that anonconvex 
part of the free-energy surface is necessary and 
sufficient for phase separation.t Its simplicity lies in 
the fact that it is defined by one single equation only, 
being governed by the F-curvature at one point and 
not by the geometry over a finite concentration area. 

For binary regular solutions d?F/da? O leads to 


the spinodal equation 


RT 0) (6) 


2axy 


* The surface may consist of two or more separate parts. 
of course, to the fact that we have to consider 
If there are two phases with 

b.c.c., or f.c.c. liquid), 
each other, double-tangent 


+ This is due, 
only one continuous F surface. 
different f.c.c. 
and their F 
planes appear even when both F surfaces are convex every- 
In general, therefore, a two-phase region does not 


structure (say 


surfaces intersect 


where. 
necessarily comprise an unstable region. 


such as in the liquid phase of 
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For ternary regular solutions d?F'/ds? must be zero 
in one direction s and positive in all other directions 
in the x, y plane. Thus 

(0? F'/0x*) (0? F/dy?) 
leading to the spinodal equation 
Layz 2RT (axy + baz 
where L is defined by (4). 
For quaternary regular solutions we use the 


(02 F /dx dy), 


cyz) — (RT)? 


energy of mixing 


daw eyw fzw 


F = axy + baz + cyz 


RT winw) (8) 


Fig. 1 shows the inter-relation of the six binary 
interaction parameters and the compositional tetra- 
hedron. Naturally, the sum of the mole fractions 
aty+t2z+ wequals 


The determinant? 
F /dx dy 
0? F /dy* 
0? F /dy dz 
leads to the spinodal equation 


RT (xyzL,,, 


2K axyzw 


yzw + 2(RT)(axry 


eyw + fzw) 


where L, »., are defined like L in (4) and 


K = af( 
f)+ ced(a 


bdf cef. ( LO) 


abe ade 


For a fixed concentration, (7) is a quadratic in 
T and (9) a cubic in 7. When there is no positive 7’ 
root. the homogeneous solution remains stable down to 
T — 0.t There may be more than one positive 7’ root, 
which is discussed most easily for the ternary case: 
At sufficiently high temperatures the F surface is fully 
convex. When, on decreasing 7’, the higher 7 root is 
When the lower 


T' root (if any) is crossed, the F surface becomes fully 


crossed, it becomes concave-convex. 


concave from below. In the quaternary case, where 


F, x,y,z four-dimensional 
| (3) 


we are concerned with 
space, this is more complicate 

The question whether a solution is unstable with 
regard to concentration fluctuations in all directions 


or in one or a few only may have a bearing on kinetic 


+ Ordering effects are not taken care of by the regular 


approximations. 


| 
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0? F/dy dz|= 0 
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precipitation problems in some instances, but is of no 
consequence for phase diagrams. However, it is not 
feasible to split off the physically relevant spinodal 
equation from the total mathematical one. This is 
demonstrated by Fig. 2, where it is seen that internal 
sectioning may happen. The (physically important) 


upper spinodal surface shows two discontinuities here. 


5. SECOND-ORDER CRITICAL POINTS AND 
PSEUDOBINARY SECTIONS IN 


QUATERNARY SOLUTIONS 

A two-phase domain in an isothermal section of a 
quaternary system is filled by an infinite number of 
tie-lines. Each tie-line joins two points at the solu- 
bility (binodal) surface and cuts the spinodal surface 
at two* points in between. Binodal and spinodal 
surfaces may touch each other along a curve. At this 
(first-order) critical curve the tie-lines are degenerated 
into critical points. In sections at definite temperatures 
a critical curve may show a double point or an isolated 
point. These special points are second-order critical 
points. There are three kinds, against two in the 
ternary case (see first section). 

(i) Firstly, we have quaternary critical points. In 
two- 


such a point a closed—more or less ellipsoidal 


phase domain shrinks to a point with increasing 


temperature. It is comparable to a ternary critical 
point in a ternary solution. 

In a ternary saddle point contact is established—at 
between two homogeneous regions, and this 
that 


heterogeneous regions is severed. 


rising 7’ 
automatically means contact between two 
In the quaternary 
case, where an isothermal section is three-dimensional, 
this is not so. We have two sorts of ‘confluence 
points”’: 

(ii) Two two-phase domains coalesce at decreasing 
T’. Slightly below the second-order critical temperature 
we have a heterogeneous tunnel through a homo- 
geneous block. 

(iii) Two homogeneous domains coalesce at increas- 
ing 7’. Slightly above the second-order critical 
temperature we have a homogeneous tunnel through 
a heterogeneous block. 

Sketches the 


first-order critical curves around these three kinds of 


of tie-lines and transformations of 
second-order critical points are given in Fig. 4 of 
reference 3. 

So far, the discussion in this section is qualitative 
and valid for quaternary solutions in general, apart 
from the direction of temperature influence, which 


in abnormal cases may not be throughout towards 


* In nonregular cases the number of intersections may be 
4, 6, etc. 


CLOSED 


MISCIBILITY GAPS 


a 


] 
x=y 0 

05 
w,. of the spinod 


Fic. 2. Section, along the line a WY, 


surface of a system with parameters / Q, ¢ 
b 1 .2a. The parabola has the equation l.4au 


increasing miscibility with increasing 7' over the whole 
compositional range. In our regular approximation 
(8) the co-ordinates of the second-order critical pots 
can be calculated. 


One finds two types: “‘apex”’ type and “‘edge-edge”’ 


type This division is independent of the three kinds 
mentioned above (i to ili).7 

Either the 
Table 1) or sum 
W in Table 1) 


2 1 or 2 2 7] Th the 


one ol concentrations is 4, (a * 1n 


the of two concentrations is 

For example, when 
parameters in the 
The 
defined 


table must be interchanged according to Fig. | 


have been 


and L 


earlier (cf. equations 10 and 4 


derived parameters K 


while 
d—b 1] 


Fig. 3 shows the seven planes in the 


concentration 
tetrahedron to which second-order critical points ai 
For 


interaction parameters a, 6, c, d, e, and f 


limited. each system combination I ene 


seven mathematical solutions for a 


] 


In most several or all of 


critical point cases 
solutions have no physical meaning, as 7’, x, y, z, an 
w have to be positive. Even then, such a point may 
be practically meaningless, namely when it lies on a 
lower spinodal level; this can be checked by examining 
whether, for the critical concentration, equation {) 
has a 7' root higher than the critical 7’ 

The remaining relevant second-order critical points 
When K is 
negative, it is a point of confluence between two 


When 


posit ive, we 


can be distinguished™ as _ follows 


miscibility gaps. K and all six binary para 


meters are have a confluence point 


Numerical examples of five 
binations can be found in reference 
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0 
0.5 
0 
second-order 


Z 


n the compositional tetrahedron to which 


Fic. 3. Planes 


second-order critical points are restricted. 


between two homogeneous domains. In other cases 
the point in question is a quaternary critical point. 

Second-order critical points of one kind only 
(i, li, or iii) can appear together in a regular system, 
and no more than one quaternary critical point at a 
time. Just as in ternary regular solutions (cf. first 
section), a quaternary second-order critical point is 
the 7 maximum of miscibility gap in a pseudobinary 
For the with a y Z 


w 4, this joins the X apex with a point on the 


section. “apex” type, say 
opposite face of the tetrahedron. For the “edge-edge”’ 
type, say with x y Z w i. this joins a point 


on the X—Y edge with a point on the opposite Z—W 


dge.* 
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Such a pseudobinary section has the same proper- 
ties as a regular normal binary system, That is to 


say, the binodal curve obeys the equation 


2u)/In (12) 


27° (3 
where 7’, is the critical temperature and wu is the 
co-ordinate (from 0 to 1) along the pseudobinary axis; 
in the ‘‘apex”’ case u can be identified by x, for example. 
47 


touches the 


The spinodal section is 7 w); this parabola 
(cf. that in Fig. 2) binodal curve?) 
in its summit at w 1. 


In the case of a ternary or quaternary critical point, 


T. is a T maximum on the binodal and spinodal 


surfaces in all directions through the second-order 
critical concentration. In the case of a ternary saddle 


When 


T is viewed as a function of concentration in the plane 


point, 7’, isa 7 minimum along the line wu 


u i through a second-order critical point in a 
quaternary solution, it is a maximum, or a minimum, 
or on a saddle in that point: cases i, iii, and ii 
respectively. 

The 


confluence points (ii and iii) are not absolutely stable 


tie-lines in pseudobinary sections through 
at low temperatures, owing to the appearance of three- 
phase triangles. Even the confluence points them- 
selves may be metastable. 

Quaternary (like ternary) critical points of regular 
solutions, however, are alwayst absolutely stable, 
and probably no three-phase equilibria appear when 
the system shows such a point. In this connection it 
is worth mentioning that each pseudo-component of 
the pseudobinary section through a quaternary 
critical point is not subject to phase separation at any 
case the binary 


temperature. In the “‘edge-edge”’ 


systems in question both have a negative interaction 


This, of course, does not apply when two or more 
solutions are considered together, e.g., liquid [.c.c. 


f second-order critical points in regular quaternary systems 


ordinates of 


\pex 
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AND 


In the 


opposite to the pure component in question shows 


parameter. “apex” case the ternary system 


complete miscibility at all 7’. 
At 


temperature of ‘“‘apex”’ type 


critical 
the 


temperatures below a _ second-order 


say, with x 
spinodal and binodal surfaces have tangent planes 


Z—W the 


with the pseudobinary axis. When, for example, the 


parallel to the Y plane at intersections 
second-order critical point is a quaternary critical 
point, the tie-line along this axis joins two solutions 
whose concentrations x are (at constant 7’) a maximum 
and a minimum respectively. One also finds that the 
chemical potential ~y in solutions of constant x is a 
maximum at the pseudobinary axis. This means that 
e.g., @ minimum in the solubility of pure solid X in 
Z—W 


the existence of a quaternary critical point in the 


ternary liquid mixtures Y is correlated with 


liquid phase. For the ternary case these things are 
treated more fully in the last section of reference 1. 


6. INFLUENCE OF A FOURTH COMPONENT 
ON A TERNARY CRITICAL POINT 
We now look at a quaternary regular isothermal 
section at the temperature of a ternary critical point 
Z, 


co-ordinates given by equations (3). Apart from some 


in one of the boundary systems, say X—Y with 
degenerate symmetrical cases there are two possi- 
bilities: 

(1) The ternary critical temperature is raised by 
adding a small amount of W. Then there is a misci- 
bility gap in the tetrahedron with its (first-order) 
critical curve tangent to the ternary face in its ternary 
critical point. 

(Il) The critical temperature is lowered by adding 
W. Now there is no miscibility gap in the tetrahedron, 
at least not in the vicinity of the ternary critical point 
Analysis shows) that the inequality 


| ey (13) 


fz 2cy,2 
When 


the absolute value of the left-hand side is greater, we 


decides which of the two possibilities applies 


have I, in the opposite case IT. 

Inequality (13) can be expressed in a more compre- 
hensible way when the pseudobinary section in the 
ternary X—Y—Z system through the X corner and the 
ternary critical point is treated as a binary system 

The and 
the 


terminal solution (with y Yo 2y 
Ze I Yo called l 
interaction parameter and the 


2RT 


will be 


inter 


0. while 


action parameter ¢.* Naturally 1; 


* Along the section [ 
In general, 
contrast with 


line U-W 


both energy and entropy ot 
will not be 


along U-X 


however, it 
the 
at an angle. 


mixing are regular. 


pseudobinary section 


(in 
tie-lines crossing the 


( 


LOSED 


becomes simply 


(14) 


Thus (13) 


C d 


for the 


influence of an addition on a normal regular binary 


in complete analogy with inequality (2 


critical point 


If the ternary critical point in question has the 
(ternary or binary) 


W. then | 2 d 


quaternary 


highest of the critical temperatures 
in the boundary systems of X—Y-Z 
leads 
moreover, ative 
the } Z 


The quaternary cr 


Yaising it, necessarily 
critical point. When 
W mixes readily 
(called U’) than with X 
will then be of the “‘apex”’ type, lying in a pseudobinary 
with X and a Y-Z-—W 
components. When 
W prefers X over the Y—Z mixture, 
ol 

It should be mentioned that a quaternary critical 


of the 


separation 


more with mixture 


itical point 


section mixture as pseudo 


however, d is positive 


and we get a 


quaternary critical point edge-edge”’ type 


also when none ternary 


The 


tetrahedron 


point can appear 


boundary systems shows phase 


closed miscibility gap then attains the 


0 only 


7. CLOSED MISCIBILITY GAPS IN 
QUATERNARY ALLOYS 


The of (14 


quantitative extension to systems which show mor 


physical clarity allows its semi 


or less considerable deviations from regularity 


ternary critical points in general the following 
of Timmermans- Bancroft 


A ternary critical point in X—} 


analogous to that may 


expected to hold 
is the culminating point of a two-phase domain wh 


central tie-lines can be idealized as directed from o 


components say \ to a 


Addition of 


the critical temperature when W has strongly 


the binary 


Ol 
(Yo: a tourth component 
athnities for that solution and for XY 

» the widening or na 
yap 


the rule above may be extend 


As (2) governs als 


of a binary miscibility 


at temperatures 


to the wide1 


constant 7’ below 7',, by addi 


a ternary gap ut 
W. Miscibility is increased when the affinities : 


very different 
It is felt that 


13 used with some cor 


influence 


Can be 


for predicting the of various additions on the 
miscibility in ternary solutions, provided the inequali 


As in 


binary interaction 


ties show a sufficient margin the 


section, approximate values for 
deduced 
ot 


thermo- 


the 


parameters were with the 


dynamic data (most which we from 
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compilation by Weibke and Kubaschewski"® and the 


phase diagrams). 
The ternary critical point of the f.c.c. phase in 
Ni-Au-Cu would, e.g., 


The idealized pseudobinary section joins Ni with an 


be raised by Co and by Ag. 


Au-Cu solution. Co prefers nickel, and Ag the other 
side. In general, a ternary critical point will be raised 
more easily by an addition preferring the single 
component than by an addition preferring the exo- 
thermic binary solution, because of the energy of 
in (13)), which must 


dilution (viz., the term —2cy,z, 


be added to the appropriately averaged affinities of 


Y and Z for W. 

The ternary critical point of the liquid phase in 
Pb—Zn—Ag would be raised by Bi (which prefers Pb) and 
perhaps also by Al (preferring the Zn—Ag side). The 
ternary critical point in Bi-Zn—Ag, predicted in the 
second section, may possibly be raised by Pb. This 
would lead to a quaternary critical point in the liquid 
phase of Pb—Bi-Zn—Ag. 


would be of ““edge-edge” type; that is to say: co- 


Qualitatively speaking, it 


existing liquids in the closed miscibility gap would 


be relatively rich in (Pb+ Bi) and (Zn-+ Ag) 


respectively. 
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The miscibility gap in liquid Al-Mg-Sb can be 
predicted to widen (in the tie-line direction) by 
addition of Fe, which prefers the Al side. That in 
Bi-Cu-Sb would be widened by Al and perhaps also 
by Zn; both prefer the Cu,Sb side. 
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DISLOCATION ARRAYS AND ROWS OF ETCH-PITS* 


B. A. BILBY and A. R. ENTWISLE 


Measurements have been made of some arrays of etch-pits in «-brass observe 
positions of these pits have been compared with those predicted by Eshelby, Frank, anc 
linear array of dislocations of like sign piled up under a shear stress against a barrie1 
pits was found to be consistent with the assumption that each corresponds t« 
in such an array. The etch-pit spacings are, however, too irregul: or & Cr 
exact distribution. A slight systematic deviation of the etch-pit positions from 
be accounted for by considering other simple distributions of dislocations 


of the first derivatives of the Laguerre and Legendre polynomials, which aré 


are discussed. 


ACCUMULATIONS DE DISLOCATIONS ET ALIGNEMENTS DE PIQURES DE CORROSION 


corrosion Gans 


Des mesures ont été faites sur quelques accumulations de piqures de 
pig 
observées par Jacquet. 
Les positic ns de ces piqures ont ete comparees ave prédite 8S pal Eshelby, Frank 


pour un arrangement linéaire de dislocations de méme signe, empilées par une tensior 
} 


contre une barriére. L’arrangement des piqtres a été trouvé en accord avee Vhyp« 


Li 


en critique de ler 


delles correspond & une dislocation individuelle dans une telle accumulatio1 
piqures sont toutefois trop irréguliéres pour permettre un exan 
Une légére déviation systématique des positions de piqures, par rapport a celles calcul 
attribuée, dans ce cas, a d’autres distributions simples des dislocations 

des polynoms 


Des approximations sur les racines des dérivées premiéres 


requises par l’analyse, sont discutées. 


VERSETZUNGSANORDNUNGEN ND REIHEN VON ATZGRI 


An einigen von Jacquet beobachteten ré 
wurden Messungen angestellt. Die Lage dis 
Eshelby, Frank, und Nabarro fiir eine lineare Anordnw 
unter einer Schubspannung gegen ein Hindernis aufgest: 
nung der Griibchen in Ubereinstimmung ist mit de 
Versetzung innerhalb einer solchen Aufieihung entspri 
zu unregelmassig, um ihre genaue Verteilung kritisch 
chung der Lagen der Atzgriibchen von den berechnet« 
einfacher Versetzungsverteilungen nicht erklart 
ersten Ableitungen der Laguerreschen und Legendre 


werden, werden diskutiert 


1. INTRODUCTION assumed that in such groups eacl 
Jacquet": 2) has recently reported experiments on individual dislocation 
the etching behavior of polycrystalline x-brass etch-pits IS th 8 correlated with that prea 
linear groups of dislocations piled up unde 


64.5%, Cu), deformed by tension under very low 
stress Eshel »\ Frank, and N Lbarro 


stresses (1-4.5 kg/mm?). The material, originally 


electropolished, was etched with Na,S,O, solution, 
2. MEASUREMENT OF THE PHOTOGRAPHS 
using a special technique, and lines of etch-pits 
Measurements were 
appeared along the traces of the slip planes. Through ) 
scope of the etch-pit positions 
the kindness of Madame Weill and Dr. Jacquet, a i, ae 
selected as indicated above. In thre 
number of unpublished photographs of these arrange- 
1-3) the obstacle to slip was ipparently 
ments of etch-pits were made available to the authors 
: ae boundary, and in one (array 4), another line 
In most groups, the etch-pits were distributed along a daip 
pits indicating slip on a different plane intersecting 
the slip planes in an approximately uniform way, but 1 
the first Several examples of two piled-up groups 
in some, the spacing between etch-pits decreased 
° : . on different slip planes meeting each other at a point 
systematically as an obvious obstacle to the slip was Door 
: . MG were noticed, suggesting the locking process proposed 
approached. In the present note it is tentatively) Pt: 
by Cottrell and Lomer® Photographs of arrays 
1,2 


4 and 2 have been published (Jacquet 


* Received September 3. 1955. 
+ Department of Metallurgy, The University, Sheffield, a ——- 
teferred to as EFN in the sequel 


England. 
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(b) 


Fig. 1. Arrays of etch-pits in x-brass 
after unpublished photographs of Dr. Jacquet 
a) Array I: 3500. 

b) Array 3: 2000. 


electron micrograph, 
yptical micrograph, 


and 3 are shown in Figures l(a) and 1(b) respec- 
tively, which are unpublished photographs by Dr. 
In most 


Jacquet. groups the etch-pits merged into 


a continuous line near the barrier, and it was not 
possible to assign to any etch-pit its correct ordinal 
number in the group. (Occasionally, also, there was 
a small region free from etch-pits, immediately ad- 
jacent to the barrier.) Accordingly, only the positions 
& = 0, 1, 2, 3, ’—1), of N 
etch-pits, and the position y, of the barrier could 


Thus, 


discrete 


be measured. taking the latter as origin. 
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Yo give the positions of the mth to the 


Uns n 


(m + .V)th etch-pits in the group, where m is unknown. 


However, it was usually possible, from the absence 
of further etch-pits at the “free” 
to infer that the 


end of the group, 
The 


Nth dislocation was the last. 


following analysis is based on this assumption. 


3. ANALYSIS OF THE MEASUREMENTS 
When x 


under a stress 


| similar straight dislocations are piled 

T), against one locked dislocation at 
the origin, their positions x are given by the roots of 
the first derivative of the nth LaGuerre polynomial of 
27,2/A (EFN). 


A depends on the angle between the Burgers vector 


argument z, where z The constant 


and the dislocation line. For screw and edge dis- 


locations in an isotropic medium, A has the values 
and y) respectively, where uw is the 
shear modulus and 6 the strength of the dislocations. 

T, is the component in the direction of the Burgers 
vector of the traction in the plane y = 0 due to the 
applied stress. 


When z/4n (1) 


it is shown by these authors that the positions of the 
free dislocations are given approximately by z; = j,” 
4n: 2 - 1), where j, is the ith zero of 
the Bessel function J,(z). 


1 When 7 l, 


that then, in the notation of Section 2 above, 


= 7m, SO 


(2) 


where C = (2/7)/V (2n7,/A). The graph of k& against 
V x,,., Should be a straight line whose intercept 
on the k If the (m N l)th dis- 


location is the last in the group, m + N = n, 


axis 1s mM. 
and SO 


n and tv, can be determined. Values of n and 7, 


obtained in this way by fitting regression lines of 


Vax,,., on k for the four sets of measurements are 


shown in columns (2) and (3) of Table 1. Columns 


(7) and (8) show N and the experimental 7, where 


this is known. was assumed to be one-half the 


To 
nominal applied tensile stress, although, of course, in 
the polycrystalline specimens used, the local stresses 
may have differed considerably from this. The value 


9 


of A was taken to be 2.86 103 dyne em~*. Although 
the results fit the relation (2) quite well, the Bessel- 
function approximation is best for the smallest zeros, 
while the data refer to the largest, and the further 
approximation (2) is valid only for an intermediate 
region where |<< i<n. An approximation which is 
best for the largest roots is obtained in the Appendix. 
It is shown there that if 


2V nz (3) 
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AND 


the zeros of L’ (z) are given by 


where 


sin 26, 


(7 n). 


In the previous notation, r n m k, and r 


corresponds to the largest zero. Thus we have 


logyy (x,) (1 cos 20,) logyo ("7 9/A) 


logy (7 logy (26, sin 20.) logy 
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For any array these ratios should all equal 27,/A. 
For ratios R(n), the Rin) 


standard and 


and 
that 


each set of mean 


deviation a(n) were computed 


value of n selected for which o(n)/R(n) was less than 


and 


both 1)/ Rin 1) 1)/ Rin 1) 


The final 7, value was then calculated from the R(n) 


oVn 


The roots z, were obtained by iteration from (5) for 


array 3, and by the aid of a large graph of v against u 
and 4. 


a(n) are shown in columns 


The final values of n. r,. and 


0 
4). (5 


for arrays |, 2, 


and (6) respectively 


20 


Graphs of R,(n)/R(n) against r for the four arravs. 


measure of the deviation of the position of a pit from that pre 
theory, and would be unity for all pits if the fit were exact. 


log (1 cos 


>10 


19 (20 — sin 20), the zeros 


x,/A) can therefore be obtained for any value of x, 


From a master graph of v 


against w log 
provided (3) is satisfied. 
n and tT», were obtained by plotting graphs of log,, 
(r {) for each experiment and 
translations 


log 


the 10 


Vg = logy, (nT>_/A) required to superpose them on the 


(v.) against 


determining log,, (n/7) and 


graph of v against uw. Final estimates of n were then 


obtained by varying x by a few units, and calculating 


Z and the ratios (7) 


r* 


TABLE | 


(1) (2) ‘ (4) (5 (6) (7) (8 
from from from from . 


5) Rin) 


Array mental 
\ isible 


0.70 0.104 
1.3 0.032 
0.45 0.108 
1.0 0.021 


The units of 7, are kg mm~?. 


Preliminary estimates of 


and 2 shows the quantities R(x 


ot Table ¢ Fig. 


Rin) plotted against r for each array 


4. DISCUSSION 


It is clear from the above analysis that the ar 
ment of these etch-pits is quite consistent wit 
assumption that each corresponds to an 
dislocation in a group piled against a bat 
shear stress. From this assumption the correlation 
the observed and calculated positions leads to reason 
N dislocations lyin 


aArriel 


able values of T,* and. for the n 


the V 


Fig. 2 shows, however, that the etch-pit spacings are 


between visible dislocations and the 


too irregular for a critical examination of their exact 
Nevertheless 
slight systematic deviation from the positions given 
by the roots of EB. z) 0). 


higher at each end of the group than in the middle 


distribution there appears to he a 


for the values of z_/a. are 


This means for example that, if the outer etch-pit 


If the 
slip plane in the surface of observation, the values of 
in the table should be 
of order unity. 


dislocations are not normal trace 


increased by a trigonometric 


| 
QQ) 
/ 
/ 
1-O} 7 
0-9} 
2 
0:9} 
lz 
c 
0-9} 
VOL. 
5 lO IS |_| 25 
OS ¢ 
FG. 2, is a 
1 | 2% 058) 25 
2 57 0.54 69 27 0.5 
3 15 0.76 16 1] 1.8 
+ 42 0.36 58 14 1.5 of the 
al tactor 
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positions are weighted more heavily so that the 
deviation appears at the inner end, the dislocations 
the than the 


predicts. This deviation cannot be removed by any 


near barrier are closer to it theory 


reasonable adjustment of the barrier position, but it 
can be reduced by abandoning the assumption that 
the outermost visible etch-pit corresponds to r = 1. 
The estimates of x and 7, are not, however, radically 


fitted 


altered thereby. For example, if array 2 is 
graphically with r running from 21 to 47, we obtain 


n = 82 and 7, Rin) still oscillates 


about R(n), but more rapidly and with o(n) Rn) 


0.714 kg mm?. 
0.0172. There is no evidence on the photograph, 
however, for the presence of the twenty additional 
dislocations external to the visible group which this 
assumption implies. 

It is, of course, not certain that the arrays were 


formed under a constant shear stress 7, alone, and two 
other possibilities have been examined for the array 2. 
Firstly, the influence of a similar array of opposite 
sign at the other end of the slipped region might be 
important. The discrete solution for this case is not 


known, but an approximate treatment using a 
continuous distribution of dislocations has been given 
(Leibfried).‘® 

If the origin is taken at the centre of the slipped 
the and if the 


b and b w 


region and barriers at w (a, 


dislocations extend from a Th 


a, the number r(w) of dislocations between b and 


(E(A, k) — k’2K(A. ky} 


k, k’ h a and l. 


K(A,k) and E(/, k)are the incomplete elliptic integrals 


where 7 (Ww 


of modulus k of the first and second kinds respectively. 
— k’*K(1,k] where 
E(1.k) and K(1. k) are the complete elliptic integrals. 


Clearly r(a) n 


Assuming again that the outermost etch-pit corre- 
k’), and 
The right-hand side of (8) was evaluated 


and 0, 


sponds to b, a bis known, a (a 
a 


for k’ 


linearly with r. Linear relations fitted by the method 


0.766 and varied approximately 


of least-squares gave values for n and rt, as follows: 
k’ = 0.766, n= 175, r,=1.7kgmm-*; 0, 
n = 89,7, = 0.5kg mm-*. Both showed a systematic 
deviation for large 7 in the same sense as that in the 
previous analysis. This was much more pronounced, 
The deviation could no doubt 


that the 


however, for k’ 0. 


have been reduced by assuming again 


etch-pits began at some b’ > b. 


Secondly, the etch-pit positions have been compared 
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with these predicted for part of a group of WW like 
dislocations under no shear stress, the outer two being 
locked at w L. 
roots of P's (2) =, P’,, being the first derivative 
of the Mth Legendre (EFN), 
z= w/L. An approximate formula for these roots is 
given in the Appendix, where it is shown that sin~! 
[1 This 
found to be true approximately, but again the devi- 
d and L LOd. 


visible dislocation 


Their positions are given by the 


polynomial where 


L| should vary linearly with r. was 
ation was systematic, both for L 
d is the distance of the furthest 
from the barrier; that is, in the previous notation 
These two choices of L gave widely differ- 
ing values, 106 and 394, for 7, and this, coupled 
with the lack of visual evidence for the 


dislocations, suggests that this analysis has little 


d 
additional 


significance. 

Thus, these two further possibilities do not account 
for the systematic deviation, and the latter is probably 
due to some kind of perturbation of the stress field 
under which the arrays were formed. The photo- 
graphs indeed usually suggest the presence of other 
dislocations near the groups measured. In array 4, 
for example, the influence of the smaller piled-up 
group lying on the intersecting slip plane must be 


Also, the 


boundary, the discontinuity in the elastic constants 


important. when barrier is at a grain 
there may introduce forces not discussed in the simple 
theory (EFN ). 

It does not seem worth while to attempt to analyse 
detailed 


regular data obtained in single crystals under controlled 


further these perturbations until more 


stresses are available. 
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Appendix Since, if 4né? is large 
(a) The differential equation satisfied by u 
J 


L’ .(z) is 1 


AS) agrees with the solution 


then y(t). A2) given by EF 


The asymptotic solutions for large x of Green’s type 


are (Jeffreys and Jeffreys) (7): 


t 
v wk. ( exp 2n | | l 
l 
Since, for large z, L’,(z)~2"-! and so v,(t)~t then 
2nt the negative sign in the exponential must be 


taken. The continuation for ¢ 1 is then 
since q 2 tol 


1) | solution of Green’s type for 
au 


q ~ exp | 


There are thus zeros for ¢ = t, where 


—1) aw = (> 


with the continuation (Jeffreys ai 


or, putting ¢ cos* 7. the zeros are 


Zz Z 4n cos” 


where 


29, — sin 20, = A7) 


The 1) zeros of uw. are given by 7 a 

(n and r n gives an approximation to the 

root z 0) v.. The error, which arises because 

ast—>0, may be estimated by setting 

T/2e. Then e ~ and z, ~ 7z?/64n instead 

of Zero. to the root 

If tis small, given by 


as 7 1S odd or even The 


7 
~ 2k sin| y these values. since P Is eithel 
function of z From (A14) the line 


sin [4n/ d in the text follows at once 


| 
t-* sin { tit } Ag) 
V 2n7 
zu”. (z) (2 z) (z) (n 1) (z) 0 (Al) 
Put z tnt, v(t) u.(z), 
(nt byl ALO 
d2y 
N, if I \ Da 
Puls) = the differential equation 
| — z2)p” (z) — 2zp’ n + 1)p.(z) =0 
2") p,, (2 
| 
qd ,\2 q,,(2 A12 
ze | 
2k, | sin | 
l t Jt \w 
A4) | dw | 
« | 
7 Jettrevs) for | 
\2n 
| 
A | | ( [ | 
L956 A6) 
r This has roots when z >, where 
| (4/4 1) | 
i \l4 
(2(2 l)) 
“/8(2 1s al ipproximathL 
of g The positive roots of ; 
ati | 


LOW-FREQUENCY STUDIES OF DISLOCATION INTERACTIONS 
WITH SOLUTE ATOMS* 


S. WEINIG?+ and E. S. MACHLIN? 


\n investigation of the internal friction of 99.999°, Cu and copper binary alloys was performed at 40°C 


in a high-vacuum torsion pendulum at a one ¢.p.s. frequency of vibration. The effect of solute additions 
of 0.01 to 1 at. per cent of Al, Ni, and Si was studied. It was observed that the Ni was almost ineffective in 
diminishing the logarithmic decrement, whereas the Si and Al lowered the decrement. The rate of 
decrease with concentration was most rapid for the Cu-Al alloys. 


Calculation of the elastic interaction energy between a solute atom and an edge type of dislocation 


reveals that there should be negligible binding energies for Ni and Si solutes in copper due to their very 
small atomic size difference. However, computation of the electrical interaction between a solute atom and 
a dislocation results in an appreciable binding energy for a Cu-Si alloy. The summation of the various 
interaction energies for the binary consistuents indicates that the order of effectiveness in pinning 
dislocation singular lines in copper should be Al, Si, and Ni in the ratio of 4.9: 2.8: 1. This analysis 
is in agreement with the experimental results and gives additional support for an electrical interaction 


between solute atoms and dislocations. 


PAR FRICTION INTERNE EN BASSE FREQUENCE DES INTERACTIONS 


ETUDES 
DE DISLOCATION AVEC LES ATOMES EN SOLUTION 
La friction interne de Cu trés pur (99,999°,) et d’alliages de cuivre a été étudiée & 40°C sous vide 
poussé & l'aide d’un pendule de torsion, avec une fréquence de vibration d’un cycle par seconde. 
On a étudié linfluence d’additions solubles de Al, Ni et Si en pourcentage atomique variant de 0,01 


a 1%. 
Il a été observé que Ni est presque sans effet sur le décrément logarithmique, tandis que Si et Al 
labaissent. 
Le degré de diminution avec la concentration est plus rapide pour des alliages de cuivre-aluminium. 
Un ecaleul de l énergie élastique dinteraction entre un atome soluble et une dislocation du ty pe com, 
indique qu ‘il existerait des énergies de liaison négligeables pour les atomes Ni et Si en solution dans le 


cuivre, ceci étant du a leur trés petite différence de rayon atomique. 


Cependant, un caleul de interaction électrique entre un atome en solution et une dislocation révéle 
L’addition des différentes énergies d interaction 


une énergie de liaison appréciable pour un alliage Cu-Si. 
pour les constituants binaires montre que l’ordre de blocage des lignes de dislocation dans le cuivre 
devrait étre Al-Si-Ni dans la proportion de 4,9 : 2,8: 1. 

Cette analyse est en accord avec les résultats expérimentaux et renforce Vidée d’une interaction 


électrique entre atomes en solution et dislocations. 


UNTERSUCHUNGEN BEI NIEDERFREQUENZ UBER DIE WECHSELWIRKUNG 
VON VERSETZUNGEN MIT GELOSTEN ATOMEN 
Mit einem Hochvakuum-Torsionspendel wurde eine Untersuchung iiber die innere Reibung von 
99,999 prozentigem Kupfer und binaéren Kupferlegierungen bei 40°C und einer Schwingungsfrequenz 
von | Hz durchgefiihrt. Die Wirkung von Lésungszusatzen von 0,01 bis 1 Atom-Prozent Al, Ni, und Si 
Dabei wurde beobachtet, dass Ni fast unwirksam ist hinsichtlich einer Verringerung 


wurde studiert. 
wahrend Al und Si das Dekrement erniedrigen. Die Abnahme des 


des logarithmischen Dekrements, 
Dekrements mit wachsender Konzentration ist am steilsten fiir die Cu-Al-Legierungen. 

Eine Berechnung der elastischen Wechselwirkungsenergie zwischen einem gelésten Atom und einer 
Stufenversetzung lasst erkennen, dass die Bindungsenergien von geléstem Ni und Si in Kupfer wegen 
der geringen Atomradiendifferenzen vernachlassigbar klein sein sollten. Jedoch ergibt sich bei einer 
3erechnung der elektrischen Wechselwirkung zwischen einem gelésten Atom und einer Versetzung eine 
betrachtliche Wechsel- 
wirkungsenergien fiir die einzelnen Zulegierungen, so zeigt sich, dass deren Wirksamkeit hinsichtlich 
Si, Ni sich wie 


3indungsenergie fiir Cu-Si-Legierungen. Summiert man die verschiedenen 


des Verankerns von einzelnen Versetzungslinien in Kupfer in der Reihenfolge Al, 
Diese Analyse ist in Ubereinstimmung mit den experimentellen Ergeb- 


4.9:2.8: 1 verhalten sollte. 
das Vorhandensein einer elektrischen Wechselwirkung 


nissen und stellt eine zusatzliche Stiitze fiir 
zwischen gelésten Atomen und Versetzungen dar. 


* Received June 5, 1955. This paper represents part of a + Now at Department of Metallurgy, New York University, 
thesis by 8S. Weinig submitted in partial fulfillment of the New York 3, N.Y. 
requirements for the degree of Doctor of Engineering Science School of Mines, Columbia University, New York 27, N.Y. 


in the School of Engineering of Columbia University. 
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AND 


that the 


room-temperature energy dissipation observed with 


It has been previously demonstrated 
a single crystal specimen oscillating at a high fre- 
the 


hysteresis process, i.e., 


characteristics of static 


the 


quency manifests 


logarithmic decrement 
and the dynamic modulus* 
Although the 
should be independent of the fre- 
Nowick™ that 


describable in 


are strain-amplitude 


dependent.“ static hysteresis or 


nonlinear effect 
quency, it has been suggested by 
the 


terms of static hysteresis at high frequencies may 


mechanical behavior which is 
completely change its character to a_ visco-elastic 
type of mechanism at low frequencies (~1 c.p.s.). 
If this is so, 


decrement 


then the low-frequency logarithmic 


may exhibit considerably less, if any, 
strain-amplitude dependence as compared to the 
high-frequency damping. 

This investigation concerned itself with the deter- 
mination of whether or not an amplitude-dependent 
logarithmic decrement could be obtained at a low 
frequency of vibration, with the study of the effect 
of small solute additions on the room-temperature 
internal friction at a constant amplitude of vibra- 
the 


internal friction-rise above the grain-boundary stress- 


tion, and with high-temperature-background 


relaxation peaks. 


MATERIALS AND EXPERIMENTAL 
PROCEDURE 

The solvent metal used in this investigation was 

high-purity copper which was obtained from the 

The 

A. S. 


American Smelting and Refining Company. 
nominal spectrographic analysis reported by 
and R. is given in Table 1. 


The 
99.9999, 


material will be henceforth designated as 


.. The alloy series were prepared in a high- 


vacuum melting apparatus and the specimens were 


TABLE 1. Spectrographic analysis of American Smelting 
and Refining Company high-purity copper 


Detectable 


percentage 


Detectable 
percentage 


Element Element 


0.0002 
0.00005 
0.00001 
0.0002 
0.000] 
0.0001 


0.00007 
0.0001 
0.0001 
0.0001 
0.0001 
0.00001 
0.00003 


Note: The above are the minimum percentages detectable 


by spectrographic analysis. None of the elements were 
observed. 


* Young’s modulus is obtained for longitudinal or flexural 
vibration, whereas the rigidity modulus or dynamic shear 


modulus is obtained for torsional vibrations. 
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cold-swaged and wire-drawn to 0.030 in. without 


any intermediate annealing. The detailed procedure 
used in the specimen preparation has been reported 
by the authors in a previous paper. 


The 


torsion 


specimens were tested in a_ high-vacuum 


pendulum which permits a complete test 


to be performed on a single wire without manual 


manipulation of the sample or exposure to atmosphere 
from a time prior to annealing until completion of the 


measurements. The logarithmic decrement and 


vibrational frequency were measured at approxi 


mately 1 ¢.p.s. at 40°C with the vacuum maintained 


at 10-° mm of Hg. The frequencies were determined 


with an electrical timer which reads to 0.01 se 


mp 
rhe 


produced on any 


logarithmic decrement values could be re 


single wire specimen to within 
a Tew per cent For different specimens of the same 
composition the variation was as great as 10-15° 

The values given in the tables represent an average 
concel- 


value for all specimens of the particular 


trations that were tested 


EXPERIMENTAL RESULTS AND 
DISCUSSION 


A. Pure Coppe 


Tests were performed on a 99.999°,, copper wire 


subsequent to a two-hour anneal in situ at 600°C 


The strain-amplitude of the vibrational frequency 
and in 


ordet tO as 


between 10 


the 


was varied 


certain whether aforementioned characteristics 


ot a 
Actually the magnitude of the amplitude of strain 


static-hy steresis process could be observed 


is continually decreasing during the free decay of a 
torsion pendulum, hence the values reported are th« 


mean between the maximum and minimum an 


plitude over which the decay was measured. The 


results of these tests at 40°C are given in Table 2 


TABLE 2. The 


[rictiol 


strain-amplitt 
and dynamic 


Measurem 


Strain 


amplitude 


rement 


0.000038 


It is noted that the ambient level of the internal 
friction is somewhat higher for these polycrystalline 
than for the 
Read, 


dependence of both the logarithmic decrement and 


specimens single-crystal specimen 


tested by although the strain-amplitude 


4 
lulus of 99.999%, 
Logarith 
| 
dec mmm 
Fe As 
Sb Cr 
Pb Si 
te Te 3.2 « 10-¢ 2.38 x 10 1.308 
tine > 58 1.305 
Ni Se }. - 
9.2 2.73 LO 1.304 
Bi = 
Ag 
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the dynamic modulus* is as large as observed in the 


single crystals at high frequencies. Consequently, 
it appears that the static hysteresis which is observed 
likewise be observed at 


at high frequencies can 


low frequencies, as expected from the frequency- 
independent character of the static-hy steresis pheno- 
menon. Nowick'®) and Read“ have suggested that 
the static-hysteresis effect is due to the stress-induced 
migration of dislocations. Actually, the area swept 
out by the moving dislocations cannot be independent 
of stress for a static-hysteresis effect. This area must 
One 


requires that increasing stress should 


change with stress. mechanism suggested for 


this change 
of dislocation lines from the 
this 


free increasing lengths 


pinning them. Let us assume 


the 


is then 


solute atoms 


interpretation of source of room-temperature 


decrement. It possible to discuss the effect 


of alloying elements upon the internal friction of 


high-purity copper in terms of solute atom interaction 
with dislocations. 
From the studies on grain-boundary stress-relaxa- 
both by 
that 


high-purity performed 
the 


successive annealing the magnitude of the relaxation 


tion of copper 


Ke'® and authors.’ it was found upon 


peak as well as the background component of internal 
friction decreased in a monotonic fashion. 

Although the specimen-annealing was performed 
chamber of 10-°> mm of Hg, this 


does not preclude the possibility that oxygen may 


in an evacuated 
have diffused into the wire specimen during the 
heat treatment. as the partial pressure of the oxides 
ot copper have considerably lesser values at the 
annealing temperature. 

If the do diffuse 


purity Cu wire specimen, they should interact with 


oxygen atoms into the high- 
the edge type of dislocations within the matrix, and 
it would be possible to observe this effect by measuring 
after 


interaction 


the internal friction at room temperature 
The 
between a solute atom and a Taylor dislocation will 
| the the 


hinder 
lower the observed logarithmic decrement. 


successive annealing treatments. 


motion of dislocation and hence 
Measure- 
ments were made at 40°C of the logarithmic decrement 
after a series of anneals at 600°C, and it was found 
that the internal friction decreased after each heat 
treatment. A similar series of tests were performed 
Cu-Si, and it 
the experimental 


40°C resulted. 


on a specimen of | at. was 


that 


per cent 


observed within accuracy 


The 


for this series of measurements as 


no change in the decrement at 
values obtained 


well as the former are given in Table 3. 


* The modulus in torsion, i.e., rigidity modulus, is 


portional to the square of the vibrational frequency. 


pro- 
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TABLE 3. The effect of successive annealing on the loga- 
rithmic decrement for 99.999°, copper and a 1.0 at. per cent 


Cu-Si alloy (Measurements at 40°C). 


99% Cu 1.0 at. per cent Cu-Si 


Annealing 
time at 
600°C 


Annealing 
time at 
600°C 


Logarithmic Logarithmic 


decrement decrement 


0.00011 
0.000005 * 


0.00252 Lh 
0.00001 * 
0.00249 
0.00001 
0.00244 
0.00001 
0.00189 
0.00001 


0.00011 
0.000005 


* The precision of the readings is a function of the absolute 
value of the decrement, as it depends upon the rate of decay 
of the free oscillation relative to the rapidity of the operator 


in making a reading. 


These results indicate that during the annealing 


period the oxygen atoms diffuse into the matrix 


probably along dislocation pipes, and pin the dis- 


the strained regions 


around the dislocation singular lines. The constancy 


locations by interacting with 
of the logarithmic decrement of the Cu-Si alloy will 
be shown later in this paper to be due to a saturation 
of the existing dislocation sites for solute atoms ata 


concentration of 1 at. per cent Cu-Si. 


B. Effect of Solute Additions on the Room-te m perature 
Decrement 

It was previously shown in this paper that the 
observed internal friction at low temperatures (40°C) 
is the manifestation of a static-hysteresis pheno- 
menon, and therefore may possibly be ascribed to 
the The effect of 


solutes should be qualitatively the same as that of 


motion of dislocations. various 


oxygen, i.e., they should act to restrain the motion 
of dislocations and hence decrease the energy dissi- 
The relative ability of the various binary 
the 


pated. 
diminishing decrement will 
the the 


between the solute atom and the edge type of dis- 


constituents in 


depend upon magnitude of interaction 


location. If the total interaction is divided into the 
component parts of elastic and electrical interactions, 
then the magnitude of the binding energies may be 
calculated from Cottrell’s analysis.‘” 

The elastic interaction may be obtained from the 
assumption of linear elasticity theory in that a solute 
atom is considered to distort the lattice equally in 
all directions and therefore only interacts with the 
the 
If the hydrostatic component is p, and Av is 


hydrostatic component of dislocation stress 


field. 
the change in volume caused by the solute atoms, 


7 
Lh 
4 
19 
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then the elastic interaction energy may be expressed 
as 


pAv. (1) 


Substituting numerical values in equation (1) for 
Cu as the solvent metal, the approximate binding 
energy in electron volts is —2¢, where ¢ is the degree of 


misfit of the solute atom, and is defined as 


DECREMENT 


(l/a)(da/dc). (2) 


The lattice parameter is a, and ¢ is the concentration. 


The electrical interaction is believed to be caused 


LOGARITHMIC 


by the redistribution of the free electrons in order to 
equalize the Fermi energy level about the edge type 
of dislocation. This transfer of electrons causes an 
effective dipole to be formed about the dislocation 
which acts to attract solute atoms. The magnitude 
of the interaction between the dipole and a solute 
atom is a function of the excess charge on the atom 0:2 4 O05 O6 


as calculated from conductivity measurements. TRATION, 


ogarithmic d 


Cottrell estimates the binding energy due to the 10% 


electrical interaction between a solute atom and a 
dislocation in copper to be approximately of dislocations If the initial lope of the decrement 
against concentration curve for each solute is cal 
J 0.0175(z 1), 3) 
: culated, the ratios are as follows 
where z is the valence of the binary constituent. 

Table 4 gives the interactions between an edge 
( om parison ot these value with the ratios compute 


dislocation and the various solutes used in this 
from Cottrell’s analysis of the interaction 


investigation. The lattice parameters which were 
solute atoms and edge dislocations vives 


used in the calculation of the elastic binding energy s 
ment A significant point is that the 


are the apparent atomic diameters based upon the . 
‘ interaction has generally been considered 
extrapolation of the terminal solid solution 
second-orde1 reaction put these result 
TABLE 4. The elastic and electrical interactions between that it mav be apprecl 
a solute atom and an edge dislocation in copper ‘ 
valent atom interacting 


Appar nt 


Solute atomic 


Elastic Electrical 


interaction interaction 
dian eter 


2.71 0.125 
2 95 O.1LS80 
0.033 


0.036 0.051 


The ratios of the calculated total binding energies 
for the solutes Ag, Al, Si, and Ni are as follows 


5.4:48:-236:1] Ag : Al: Si: Ni. (4) 


The values of the logarithmic decrement at 40°C 
for the various solutes obtained at a strain amplitude 
of 5 10-® are given in Table 5, and these decre- 
ments are plotted against concentration in Fig. 1. 
It is seen that the experimental trends corroborate 
the theoretical predictions in regard to the effective- 


OOOOS 


ness of the various solutes in pinning the edge type 
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Fic. 2. 


Variation of internal friction with temperature 
for a 0.10 at. per cent Cu-Si alloy. 


univalent metal. Although only one point has been 
obtained from a Cu-Ag alloy, it qualitatively confirms 
the theoretical expectations in that it is more effective 
than either the Al, Si, or Ni in depressing the loga- 
rithmic decrement. 

If the Goldschmidt relation is considered, i.e., for 
a given metallic element the interatomic distance is 
about 12°, less when the co-ordination number is 4 
than when it is 12, then it is found that Si is about 
2-3°,, larger than Cu. This difference cannot explain 
the magnitude of the Si-atom interaction with the 
dislocations, and hence gives further support to the 
possibility of an electrical interaction. 


It is interesting to note that a saturation value is 


0-20 
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| 


= 1-15 CPS 
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0-02} 
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“400 
TEMPERATURE (°c) 
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Fic. 3. 


Variation of internal friction with temperature 
for a 0.10 at. per cent Cu-Al alloy. 
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reached for the logarithmic decrement at approxi- 


mately 0.1-0.2 at. per cent Al. This decrement of 
10-4 could not be the lower limiting value obtainable 
with the high-vacuum torsion pendulum as values of 
the logarithmic decrement of 3 10-> have been 
obtained. If the same criterion is used for the pinning 
as for the yield point, i.e., the concentration should 
approach unity at the sites in the center of the 
the the 
specimen required for appreciable lowering of the 


the 


dislocation, then overall concentration in 


decrement may be calculated from following 


formula: 


V/kT.) (6) 


Co EXP ( 


where ¢, is the bulk concentration and ¢ is the excess 
the the 
V for Al given in Table 4, and a 


concentration at dislocation. Utilizing 


interaction energy 


z 
w 
= 
w 
« 
U 
w 
= 
=x 
< 


+ 


CPS 


18 
lo of 0-404 CPS 


600 


$00 
TEMPERATURE (°C ) 
Fic. 4. Variation of internal friction with temperature 
for a 0.06 at. per cent Cu-Si alloy. 
temperature of 300°K, a concentration of approxi- 
mately 0.21°, results which is in good agreement 
with the empirical value obtained from the curve of 


the decrement against concentration. 


Note added in proof. 

Further experiments and theoretical considerations 
indicate that the concentration should not be unity 
at the sites in the center of the dislocation. However, 
the magnitude of the result is not appreciably changed 
by the modification. The authors discuss this point 
more fully in a forthcoming paper. 

HIGH-TEMPERATURE EFFECTS 

If the background internal friction which is mani- 

fested at higher temperatures than the grain-boundary 


stress relaxation peak is examined for equal atomic 
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WEINIG MACHLIN 


AND 


per cents of Si and Al in Cu (Figs. 2 and 3), it is noted 
that the Si the 


diminishing the decrement. A reversal in the order 


appears to be more effective in 
of effectiveness between the Al and Si in lowering 
the logarithmic decrement of the Cu seems to have 
occurred. 

An activation energy was obtained for the back- 
the 


per cent Cu-Si alloy 


ground internal friction observed above orain- 
boundary peak in an 0.06 at. 
(Fig. 4). 
the 
placement of two different frequencies of measure- 


3000 


The energy of activation was calculated 


from relaxation spectrum for horizontal dis- 
ment, and the resulting value was 25,000 
cal/mole. This value of the activation energy is in 
the 26,500 


cal/mole which Pearson obtained for various binary 


good agreement with average value of 
copper alloys over a range of solute composition.‘ 

The subject of 
the of the 


relaxation spectrum will be the subjects of further 


and 
the 


high-temperature pinning 


source background contribution to 


investigation. 


SUMMARY AND CONCLUSIONS 
1. The logarithmic decrement measured at | ¢.p.s. 
and 40°C is strain-amplitude dependent, and hence 
may be associated with the static-hysteresis pheno- 
menon of dislocation motion. 
2. The effect of successive annealing is to diminish 


the room-temperature logarithmic decrement, pre- 


sumably due to oxygen atoms diffusing through the 
the 


dislocation pipes and pinning edge 


dislocations. 


type ot 
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3. The magnitude of the internal friction observed 


at low temperatures, e.g., 40°C, is a function of the 
solute concentration and the total interaction energy 
between the solute atoms and the edge type of 
dislocations. 

$4. Electrical 
and Taylor dislocations are shown to be significant 
The 
mentally obtained values are somewhat greater than 
the approximate theoretical Cottrell, 
Hunter, and Nabarro. 

5. An 


obtained for the high-temperature 


interactions between solute atoms 


in their effect upon dislocation pinning experi- 


values of 


activation energy keal/mole was 


background 


con- 


tribution to the relaxation spectrum. 
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MECHANISM OF WHISKER GROWTH 


NATURE OF GROWTH SITES* 


S. S. BRENNER 


\ mechanism is described to! the 


deposition. 


and G. W. 


formation of whiskers on a crystal which is growing by 


SEARS? 


vapor 


\ necessary condition is the existence of diffusion-limited transfer of material or heat. The 


mechanism is supported by Brenner's observations that metal whiskers formed by vapor-phase reduction 


invariably grow from previously deposited material. 


MECANISME DE 
NATURE 


CROISSANCE 


DES SITES 


DES BARBES—III 


DE CROISSANCE 


Un mécanisme est décrit pour la formation des barbes sur un cristal qui grossit par dépét de vapeur. 


Une condition nécessaire est existence d’un transport limité par diffusion de matiére ou de chaleur. 


Le 


formes par re 


canisme est appuye pal 


duction de la phase 

MECHANISMUS 

NATUR DER 

Es wird ein 


beschrieben. Eine notwendige 
Material 


gestiitzt. nach 


Kristal] 


begrenzten oder Warmeiibergangs. 


Brennet denen durch 


Ausnahme aus ce 


les observations de 


Bedingung 
Der 
Reduktion aus der Dampfphase gebildete Metall-Whisker ohne 


m vorher abgeschiedenen Material 


Brenner, d’aprés lesquelles des barbes de métaux 


vapeur, grossissent indépendamment de la matiére préalablement 


DES WHISKER-WACHSTUMS—III 
WACHSTUMSSTELLEN 


Mechanismus fiir die Bildung von ‘‘Whisker”’ auf einem aus der Dampfphase wachsenden 


Diffusion 
Beobachtungen 


ist dabei das Vorhandensein eines durch 


Mechanismus wird durch die von 


heraus wachsen. 


The growth of crystalline whiskers from the vapor 


phase was first observed with mercury.” Since the 


whisker-growth occurred at supersaturations in- 


sufficient for two-dimensiona] nucleation, it was 
postulated’ that the whiskers were perfect except 
Thus, the 
whisker grew axially by the Frank mechanism"? at 


A number of other crystalline 


for a single axial-screw dislocation. 


constant diameter 
substances in the form of whiskers have since been 
grown by deposition: ») from the pure vapor phase. 
A large variety of crystalline whiskers also have been 
grown by vapor-phase reduction of metallic salts.‘® 
Although the growth-behavior of a crystal bearing 
single screw dislocation has been satisfactorily 
rationalized, the nature of the growth site and the 
of the 
It has been postulated in the 


the 


mechanism of formation whisker have not 


been fully described. 
growth of mercury whiskers® that whisker 
inherited its screw dislocation from a tiny devitrifi- 
cation crystallite in the pyrex condensing surface. 


A second 


used 


mechanism of whisker formation has 


the 


halide rods‘” from aqueous solution. The potassium 
| 


been to explain growth of potassium- 


halides are known to nucleate heterogeneously on 


nucleation catalysts. When the halide nucleus 


* Received September 26, 1955. 


+ General Electric Research Laboratory, Schenectady, 


New York. 
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grows around its impurity particle, occasionally a 
single screw dislocation is generated. The resulting 
halide crystallite bearing a single screw dislocation 
crows at constant radius to forma rod. The generation 
of screw dislocation by growth around foreign 
particles has been previously described.‘*) 

It is the purpose of the present paper to postulate 
a third mechanism of whisker formation for systems 
in whi¢h diffusion of either material or heat is the 
limiting factor for crystal growth. 

It is recognized that any real surface presents 
screw dislocations and therefore acts as a deposition- 


When 


perfect crystal face is immersed in its own sufficiently 


sink at low supersaturations. such an im- 
supersaturated vapor in the presence of a foreign 
gas, deposition will occur at screw-dislocation steps. 
The vapor concentration in the neighborhood of the 


The 


oradient normal to the growing face will become less 


advancing face will decrease. concentration 
steep. 

If the actual vapor pressure at the surface is p 
and the equilibrium vapor pressure is pp», the super- 
saturation ratio « is defined as p/p», and the super- 


saturation o is defined by 


(1) 


The supersaturation at the growing face is very 
small, go ~ 0.01, only sufficient to cause growth by 
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BRENNER 


AND SEARS: 


the Frank mechanism. Screw dislocations, which 


are closely spaced, will yield a smoothly advancing 


surface. The occasional screw, which is somewhat 


separated from its nearest neighbor, will form a 


Fig. 1. 


is schematically shown 


erowth cone as shown in The gradient in 


vapor concentration with 
three densities of dots. 
As the of the 


depends on unidimensional diffusion to grow. It 


summit cone rises, it no longer 


begins to rob the growth steps at its base of their 
share of diffusing molecules. Slow ly it approaches 
The 


faster it 


a spherical diffusion configuration. more it 
the 


The more it outgrows its base, the more nearly it 


deviates from linear diffusion, OTOWS. 


Fic. 1. 


The self- 


In Fig. 2 the growth cone is shown in 


grows by spherical diffusion. process is 
propagating. 
an intermediate stage of growth. Since the diffusion 
rate is faster to the summit of the cone, the distance 
between steps is less and a tapered hill is produced 

In Fig. 


of having a 


3 the growth cone has reached the stage 


columnar summit. The growth steps 
are widely spaced at the base and closely spaced 
on the tapered section. The top tapers to a uniformly 
cross-sectioned whisker. 

well out from the 


When the summit has moved 


original surface and has attained a uniform cross- 
The 


layers 


section it will grow in length at a constant rate. 


whisker should thicken simultaneously as 


grow upwards from the shank. The base crystal 
will slowly advance and overgrow the original tapered 
base. 


The ultimate cross-section of a whisker will be a 


MECHANISM OF 


WHISKER GROWTH 


function of supersaturation and rates of gaseous and 
There 


supersaturation, 


surface diffusion will be an initial critical 


necessary to grow a whiske1 


from a screw dislocation characterized | 


neighbors. As R 


critical 


separation distance FR from 


creases, the necessary supersaturation 


grow a whisker at this site increases In practice 


higher initial supersaturations will yield more closely 
spaced whiskers. There will be, however, an uppet 
limit of supersaturation at which whiskers will form 
at all. The individual screw dislocations spaced too 


closely ol exposed to an excessive supersatul ition 
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ot form growth cones, but will cause the surface 
» advance continuously. 
The proposed mechanism of whisker formation is 
the that 


formed by vapor-phase reduction 


supported by observation of Brenner?) 
etal whiskers 
invariably grow 
Th 
nickel, cobalt, gold, and platinum. 
the 


from previously deposited metal. 


behavior has been observed for copper, iron, 


In these experi- 
diffused 


surface. 


ments freshly formed metal vapor 
through hydrogen to reach the deposition 
Material transport was therefore limited by gaseous 
diffusion. 

srenner also observed that whiskers would only 
grow at calculated supersaturations far in excess 
of the critical value for two-dimensional nucleation. 
The proposed mechanism would only yield a prolific 


growth of whiskers at very high initial supersatura- 
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tions. The supersaturation at the growth steps is 
very low, and the high supersaturation implies there 
only a steep concentration gradient. Further evidence 
for the high supersaturations in the vapor-reduction 
experiments is furnished by frequent evidences of 
overgrowth on whiskers. 


It should be noted in conclusion that the proposed 


mechanism of whisker growth is merely a description 


of dendritic growth from the vapor phase. 
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AN EXPERIMENTAL INVESTIGATION ON THE MODE OF SLIP IN a-BRASS* 
H. WILSDORF and J. T. FOURIE? 


Replicas showing slip lines on x-brass are examined with the electron microscope in ord 
whether slip in this metal is ““=homogeneous” or “‘inhomogeneous,”’ i.e., whether it takes pla 
steps on many successive atomic planes or in big steps on single atomic planes. The replicas used are 
jected to a critical examination, to assess the reliability of measurements obtained from them 

Five different methods are used. In four of these, slip lines selected at random are in 
while in the fifth the average shear of all slip lines present on the portion of the specim«e 
that fraction of the surface which appears to be covered with slip lines when viewe 


All five methods lead to the result that slip in x-brass is inhomogeneous. 


RECHERCHES EXPERIMENTALES SUR LE PROCESSUS DE GLISSEMENT DANS 
LE LAITON « 

Des répliques montrant des lignes de glissement sur du laiton x ont été examinées au microscope 
électronique en vue de déterminer si le glissement est homogéne ou hétérogéne, c’est-a-dire s'il procéd 
par bonds unitaires sur de nombreux plans atomiques successifs, ou par glissements importants sur 
quelques plans atomiques bien déterminés. 

Les répliques utilisées sont soumises 4 ur examen critique pour s’assurer de la valeur des mesures 
obtenues. 

Cinq méthodes différentes ont été employées. Pour quatre d’entre elles, des lignes de glissement 
arbitrairement choisies sone examinées. Dans la cinquiéme, on a examiné la face perpendiculaire a celle 
contenant les lignes de glissement. La valeur moyenne du cisaillement de toutes les lignes de glissement 
est déduite de la fraction de surface oti apparaissent les traces de ces lignes de glissement 

EINE EXPERIMENTELLE UNTERSUCHUNG UBER DIE ART 
GLEITUNG IN «-MESSING 

Mit dem Elektronenmikroskop wurden Abdriicke von Gleitlinien auf %-Messing untersucht, um zu 
entscheiden ob die Gleitung in diesem Metall “‘homogen’’ oder “‘inhomogen”’ ist, d.h. ob sie in atomi 
stischen Stufen auf vielen aufeinanderfolgenden Atomebenen oder in grossen Stufen auf einzelner 
Atomebenen erfolgt. Die verwendeten Abdriicke wurden einer kritischen Priifung unterzogen, um di 
Zuverlassigkeit der von ihnen erhaltenen Messungen abzuschatzen. 

Fiinf verschiedene Verfahren wurden angewendet. In vier von ihnen wurden Gleitlinien untersucht, 
die wahllos herausgegriffen waren, wahrend in dem fiinften die durchschnittliche Scherung aller auf 
einem gewissen Probenabschnitt vorhandenen Gleitlinien erhalten wurde, wobei der Bruchteil der 
Oberflache, der senkrecht von oben betrachtet mit Gleitlinien bedeckt erscheint, in die Betrachtung 
eingeht. Die fiinf Verfahren fiihren iibereinstimmend zu dem Ergebnis, dass di ‘t der Gleitung in 


z-Messing inhomogen ist. 


1. INTRODUCTION the conclusion that the slip between the lamellae in 

In previous investigations concerning the process a band was composed of one-unit slip-step each 
of translation and of slip-band formation it has in a series of adjacent atomic planes. Suzuki and 
usually been presupposed that slip takes place on Fujita: © were led to the same view by theoretical 
single atomic planes, separated by layers of un- as well as experimental investigations, and claimed 
deformed material. More recently it was shown by that in face-centered cubic metals generally—in 
electron microscopy that the slip bands on alu- cluding «-brass—homogeneous slip, i.e., slip in the 
minum,” seen as single lines in the light microscope, form of one atomic glide step in each of a number 


are in reality series of lamellae, and later the same of successive planes, takes place almost exclusively 


phenomenon was also observed on silver, copper, and Bilby,“ in a theoretical examination of possible 


lead.2, 9) Nevertheless, the idea of slip on single dislocation sources, found sources which would lead 
atomic planes was not radically altered, but it was to homogeneous slip, as well as sources which would 
generally assumed that the slip between the lamellae lead to slip on single atomic planes, and showed 
took place on single planes, with no slip within the that the number of sources of the two types should 
lamellae. Yakutovitch, Yakovleva, Lerinman, and be roughly equal. Thus it appears desirable that 
Buinov,” however, who repeated the work of conclusive experimental evidence should be obtained 
Heidenreich and Shockley on aluminum, came to _ for the type of slip which actually occurs, whether 
it be homogeneous, or slip on single atomic planes 


* Received August 26, 1955. a In the following, the terms “homogeneous” and 
+ National Physical Laboratory, South African Council for 
Scientific and Industrial Research, Pretoria. 
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‘inhomogeneous’ slip will be used respectively for slip 


ice 
fron 
url 
Lie 
A 
& 
10 


MET 


on successive atomic planes, in the sense of the above 
authors, and for slip on a single atomic plane. 
In transmission electron microscopy, which. ap- 


peared to be the best available method for this 


investigation, surface phenomena are examined by 
means of replicas. The resolution of electron micro- 
scopes, and, even more important, of the replicas, 


+ Wobs 


Fze.. i. 
b) ““Homogeneous’ 
ot 


Two modes ot slip: 
distance 
is, however, not sufficient to resolve the slip steps 


of a few angstroms height and width which are to be 


Fortunately, other 


expected for homogeneous slip. 


methods exist by means of which it is possible to 
These 


investigation of 


distinguish between the two types of slip. 


are all ultimately based on an 


whether or not an angular difference exists between 
the slip plane and the surface exposed within the 
slip zones. 

The problem is demonstrated in Fig. 1. Slip on an 
individual atomic plane is schematically represented 
homogeneous slip in Fig. 1(b). It is 
that the the 
newly-formed the crystal surface is 
different In Fig. 
equal to that between the slip plane and _ surface 
l(b) the 
As the slip steps on the pure metals 
LOOO A, 


metals are unsuitable for the present experimental 


in Fig. l(a), 


immediately evident angle between 


surface and 
in the two cases. l(a) this angle is 


as determined by X-rays, while in Fig. 


angle is smaller. 


so far investigated rarely exceed these 


investigation, and instead, z«-brass was chosen, 
which exhibits steps with slip of up to and even 
exceeding 10.000 A. 

Since the micrographs are obtained from replicas, 
and not directly from the surfaces, it proved neces- 
sary to examine the extent to which peculiar pro- 
perties of the replicas have to be taken into account 
in order to avoid possible misinterpretation of the 


photographs. 
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(a) “Inhomogeneous” 


slip Oli a number ot neighboring (111) planes, 
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2. EXPERIMENTAL PROCEDURES 


(i) Pre parations of Sam ple Ss 


Single crystals of «-brass were prepared by the 
Bridgman method of gradual solidification from the 


molten state in an inert atmosphere of argon or 


nitrogen. Cartridge brass, containing 71°, copper 


b 


slip of a distance ¢t on one plane; 


with a total slip 


traces of Fe 0.01%), Pb (<0.01%), and 


0.03%), 


and 
Ni | 


crucible 120 mm long 


was melted in a pointed graphite 
and of a uniform rectangular 
The 


upwards, sc that the crystal 


cross-section of 1.3 3 crucible was 
cooled from the point 
orew at a rate of about 5 cm per hour. Analy sis of 
the composition of single crystals, carried out on 
sections taken from both the lower and upper portions, 
showed the final composition to be 79°, copper, 


with a variation of approximately 1°, over the 


length of the sample. The orientations of the crystals, 
after extension, were 


and determined by 


Without 
any preliminary treatment, the crystal surfaces were 
polished electrolytically in a bath of 35°, H,PO,. 


A small tensile machine was used for extending the 


before 


means of Laue back-reflection photographs. 


crystals, and the rate of deformation was approxi- 
mately 1°, per second. 

(ii) The Production and Critical Examination of 
Re plicas. 

One-step silicon monoxide replicas were used as 
described by Wilsdorf.“ They were produced by the 
evaporation of SiO in a high vacuum on to the 
specimen. After removal of the SiO films from the 
crystal surface with a solution of 30°, HNO, and 
10°,, HCl in distilled water, they were washed, 
placed on specimen carriers, and shadow-cast with 


tungsten oxide at an angle of approximately 45°. 


~Wops 
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\ 
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G 


Fic. 2. Schematic 


where the SiO beam is parallel to the electron bear 


the final image. (b) and (c) As in (a), but 


The application of this replica method was preferred 
to others, as it vields a high resolution, and many 
with 


replicas from any sample could be obtained 


ease and certainty. The replicas, however, showed 
a slight irregular waviness when placed over a slit 
of 1.0 0.1 


Since it is the aim of the present investigation to 


area mm* on the specimen carrier 
obtain quantitatively reliable measurements, it was 


therefore necessary first to investigate whether 


artefacts are introduced by the replicas, and, in 


particular, what influence the waviness may have 
on the measurements. 

The replicas were obtained by evaporating SiO 
under high vacuum perpendicularly onto the samples, 
which were placed at a distance of about 13 cm from 
the source. The length of the samples was usually 
approximately 5 cm, and consequently the angle 
of incidence at the extreme ends was no longer 90 
but about 80°. This deviation from normal incidence 
has to be considered as soon as the thickness of the 
replica exceeds 200 A. Because of the very deep slip 
steps on deformed «-brass, together with the fact 
that these steps make angles of up to 80° or even 
more with the specimen surface, it was necessary (to 
If the 


thickness on a plane parallel to the surface is d, the 


make the replicas much thicker than usual. 


replica thickness on a plane making an angle q@, with 


INVESTIGATION 


plica I 


ON THE MODE OF 


BRASS 


representation of replicas and pho 


ta 
roti 


240 A 


the surface For 


( 70 
+0 


IS COS 
0 


d 


The artefacts which may be caused by these thi 


replicas after shadow-casting are discussed wi 


aid of Fig. 2. It is obvious that, in a direction parall 


versed 


to the SiO beam, the thickness of the replic ati 


by an electron beam is constant und that 


contrast due to the unshadowed replic 


no 


electron beam deviates from 


angle 0 


finite 


however, the 


cirection by which can happen elt 
ot 


mentioned 


an 
dimensions of the san 
ot a 
the 


the 


hec LuUSe 


above oO! because bending 


replica after removal from specimen 


which thus induces the virtual SiO beam to 


from the direction normal to the projection plane 


the finite thickness of the re plica begins to have al 
ettect. The drawing represt nts the ideal case, where 


undergo 


diffusion 
rp 


From experi- 


molecules do not surface 


he 


the SiO 


while subliming on t sample, thus forming sha 


contours on both sides of the re plica 
this 


ments carried out in a previous investigation 


assumption seems to be justified. By means of the 


photometer curve in Fig. 2(a), the contrast in the 


final image of the shadowed replica in the case of 
Fig. 2(b 
0 are demonstrated 
?(b) 


0 0 is shown, and in and 2(c) the two 


types ot 0 


The density curve in Fig is easily understood 
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For electron illumination to the right of ED, scat- 
which the 
ED. the variation in the tungsten oxide 


tering causes normal background takes 
place. At 
laver causes a sudden increase in scattering, and the 
density on the negative decreases sharply, causing 


the photometer curve to rise accordingly to the point 


Fic. 3. 


E’. From points £ to F there is a further increase in 
the 


of the SiO layer in the direction of the electron beam, 


scattering, resulting from change in thickness 


while from F to G it remains constant. Immediately 
to the left of G there is a sharp decrease in scattering, 
caused by the discontinuity in the thickness of the 
tungsten oxide film, while from G to H the scattering 
the 
It is obvious, from the description, that the right- 
hand of the 
respect to the background, while on the left the line 


gradually diminishes to that of background. 


side line will be clearly defined with 


will gradually fade into the background.* 

The case where 6 0 can be explained in a similar 
manner. Here both sides of the line are sharply 
defined, 
while the other edge shows greater scattering than 


one side being bordered by a white line, 


the rest of the line. 
the 
evident that any slip line which is smaller than CD 


From curve of Fig. 2(b) it is immediately 


will give a contrast which is lower than the maximum 
The limit to the 
which still give the 


contrast of a wider line. lower 


observed width of a line will 


maximum contrast can be expressed by 


D, Md, sin 6, 


in 


where M is the magnification on the micrograph, 


d, the thickness of the replica, measured parallel to 


* From a comparison of the thickness of the SiO layer (say 
700 A) and that of the tungsten oxide film (approximately 
30 A), it is clear that the geometrical effect caused by the 


latter is negligible in this discussion. 
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the SiO beam, and 6 the angle between electron and 
SiO beam. For d,= 700A, M = 20,000, 
6=10,, = 0.25 The 
the resolution of the microscope, which will also 
effect on the width of 


Similar considerations apply to the curve in Fig. 2(c). 


and 


mm. formula neglects 


have an minimum lines. 


G F 


b Cc 


In order to test the validity of these arguments, 
replicas of a single crystal, showing large and small 
steps, were placed on specimen carriers in such a 
manner that the slip lines were parallel to the length 
of the slit. As it was possible to rotate the specimen 
holder about an axis parallel to this direction during 

the 
the 
oriented in such a manner as to illustrate the different 


operation of microscope, photographs were 


obtained of same spot but with the replica 
cases. Micrographs were taken with an attachment 
plate camera at a magnification of 20,000. Photo- 
meter traces obtained from the plates show approxi- 


Fig. 4 a 


micrograph is shown where the electron beam is 


mately the curves predicted (Fig. 3). In 


nearly parallel to the molecular beam, i.e., for 6 = 0, 
while its photometer trace is reproduced in Fig. 3(a). 
The very fine lines show intensities which are lower 
than the effects 


of the electron microscope, the replica, and the 


maximum because of resolution 


photometer. Electron micrographs and their corre- 
sponding photometer traces demonstrating the effects 
of 6 5 and 6, 3(b) and 3(c) 
respectively. 

The 


when considering the waviness of the replica. 


0 are shown in Figs. 


importance 
The 


waviness is actually caused by the superposition of 


above investigation is of great 


two effects. The first is due to a slight ripple on the 
crystal surface produced during electrolytic polishing, 
while the second and more serious one is due to the 
replica film itself. The latter effect 
into existence when the replica is removed from the 


seems to come 


8 ‘ 
| 
| | | | | | Le’ 
| | | || | | 
is | | | 10 | | 
a 
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metal surface or while it is drying on the specimen 


carrier. Fig. 7 was obtained with an interference 


microscope, and gives an impression of the waviness 
which is present on the electrolytically polished 


The 


“wavelength” of the ripple is normally of the order 


surface of a deformed «-brass single crystal. 


of 1mm. The waviness of the replica itself is demon- 
strated in Fig. 8 by an interferometer micrograph 
of a replica obtained from the cleavage plane of a 
Here it that 


over smaller 


rocksalt crystal. can be seen many 


crinkles distances than 
0.1 mm, 
of 10° or 


Replicas with line structures on them are, however, 


are present 
parts of the replica often making an angle 


more with the plane of the specimen carrier. 


somewhat planer than the one shown in Fig. 8. 


6 


4 5/7 8 910 
/ 4 / 4 


Fic. 4. 


Electron micrograph corresponding to 3(a); 
20,000. Elongation 51%. 


considerations it follows that 
the 


different slip lines in electron micrographs are not 


the above 


conclusions 


From 


which are based on contrast of 
reliable and, further, that data which are concerned 
with geometrical measurements can be expected to 


scatter widely around the actual value. 


3. OBSERVATIONS 
Method to Determine the between the 
of a Slip Line and the Crystal Surface, 


(i) A Angle 
“Surface” 
using Shadows cast by Spherical Particles 

A number of uniform spherical particles, brought 
the 


shadows which can be 


on to replica before shadow-casting, throw 


used to determine the angle 
between the surface exposed in the slip lines and the 
crystal surface, as has already been mentioned in a 


paper by Wilsdorf and Kuhlmann-Wilsdorf."® Here 
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ON THE MODE OF SL 


Electron micrograph corresponding to ! 
20,000. Elongation 15° 


use is made of the relative difference in length of 
shadows from two particles, situated near each other, 
and arranged so that the shadow of one falls on the 
undisturbed surface between the slip lines, while 
the 


particles are necessary because the angle of shadowing, 


the shadow of other crosses a slip line. Two 
with respect to the wavy replica, varies slightly from 
place to place and must be determined locally for 
The first particle serves 


the 


measurements. 
the 


second determines the angle between the undisturbed 


each set of 


to determine angle of shadowing, while 


crystal surface and the “surface” of a slip line. 

In the the 
crystal surface between the slip lines after straining 
the the 


plane of the specimen surface after straining, i.e 


following, undisturbed sections of 


will be referred to as surface.” and 


the plane of the replica, which is at right angles to 


the electron beam in the the new 


The 


indicate the newly exposed surface within the 


mIcros¢ ope, as 


surface.” term “‘surface of a slip line” will 


slip 


Electron micrograph corresponding to : 


20,000. Elongation 15° 
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Fic. 7. 
polished 


TI light. 


micrograph of an electrolytically 
after 


Interference 
brass 


530. 


crystal surface deformation. 


single 


line. Obviously if slip should take place on one 
atomic plane only, the surface of the slip lines would 
be the slip plane, and the angle between the surface 
of the slip plane and the old surface would be found 
to be equal to @», the stereographically determined 


If, on 


the other hand, slip should take place in the form 


angle between the slip plane and the surface. 
of “homogeneous” slip, the slip-line surface would 
make an angle with the crystal surface which would 
be considerably smaller than qo. 

Figs. 9 and 10 give typical examples of photo- 
graphs which are suitable for these measurements, 
while Fig. 11(a) and (b) illustrate the geometry of the 
method. The symbols used should be clear to the 
The 
the 


reader. in particular, is the angle 
the 


to the direction of the slip lines. 


angle x, 


between “new” and surface’ taken 


perpendicularly 
It can be determined from Laue photographs taken 


Interference micrograph of a SiO replica, taken 
530. 


Fic. 8. 
from a rock-salt cleavage plane. TI light. 
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Fic. 9. An electron micrograph demonstrating the latex- 
particle shadow method for obtaining ®, the angle between 
LS. 100. 


band “surface” and crystal surface. 


before and after deformation. Except for the angle 
@ to be determined, all other quant:ties such as 
and the 


particle diameters d, and d,, can be measured on the 


shadow-lengths /’,, and /,, the angle é, 
photograph. 

A formula for the calculation of ® from the measure- 
able quantities follows from a fairly involved geo- 
metrical consideration of the problem which is given 
in Appendix I. Because of the rather complicated 
form of the final equation, this calculation is some- 
what tedious. On the other hand, it is possible to 
find the angle ® by a simple geometrical construction, 
illustrated in Fig. 11(b), which represents a section 
parallel to the shadowing beam and the shadow 
itself. 


surface. 


Here AC is the old surface and A’ B’ the new 
These include the angle x’, which, as can be 
seen from Fig. l(a), can be expressed as tan «’ 
tan x cos &, where & is the angle between the direction 
of the shadow and the normal to the slip lines in the 
plane of the new surface. The circle represents the 
particle which throws the shadow, and the direction 


of the shadowing beam is found as the tangent to 


. As in Fig. 9. 21,600, 


j 
ff 
j ‘ x 


ASS 
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the circle which cuts the direction of the old surface number of measurements obtained from different 
replicas and different positions on them is taken 


at a horizontal distance of l, from the center of the 
circle. The surface of the slip line in the direction of |The effect of the waviness should be eliminated by 
the shadow can then be represented by the line taking the mean, while that of ¢’ will remain. The 


Shadowing 


Fig. 11. (a) The geometry of the “latex-partic 
For particles, only centers O and radii are drawn 


along the direction of the shadow, and containing the shadowing be 


connecting C, the point on the old surface at a angle ®” thus found is connected 


horizontal distance of 1, from the center of the a 


particle, with D, the point on the line representing — line 
In practice, the shadow 


ngle between new surface 


by the equation tan 


the shadowing beam which has a horizontal distance 
the direction of shadowing 


of l, b. from the center of the circle. To be quite determine 
] 


exact, the point of contact of the circle and the one or two very narrow slip lines. In 

line representing the old surface has to be substituted small correction has to be applied Alto 
for the center of the circle in the above geometrical twenty-eight slip lines of three different crystals 
construction. Although the angular “waviness” were investigated by these methods The results 


of the replica is of the same order as ~’, the correction 


are given in Table l 


for the position of the point of contact of the particle = — 
and the surface is necessary when the mean of a within J 


Beam 
a/2| 
d/2 E 
OK 
iN 
Jf \ ‘ 
E D, 
Vv J = > 
a 
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4 ~ Beam 
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TABLE | 


Angle 
determined 
by X-rays 


Number 
Crystal of 
No. 


Extreme Average 
: values of value of 
measure 
ments 


In addition to the average values of ®, the extreme 


values measured are also given in the table, since 
the scattering of the measurements is considerable. 


40 


4 
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homogeneous slip (Fig. 1). The relationship between 


and is given by 


cot (Po cot Po 


sin () 


where g, and ® are used as defined above and © 
is the angle between slip line and slip direction. A 
graphical representation for the three crystals 
examined is given in Fig. 12. The curves show that 


I’ for the lowest measured values of © (column 3) is 


always higher than 4, while the lower limits of the 


mean values of ® (column 4) correspond to a shear 
[’ of 50 or more. 

In conclusion, it may be stated that, despite the 
the 


® and the angle gp», as determined by 


wide scattering of the measurements, average 
values of 
o X-rays, coincide within the limits of the 
Q=40 
=39 
© geneous slip. 
4(6) (ii) A Method to Determine the 


of the Surface Exposed in Deep Slip Lines 


probable error, thus indicating inhomo- 


Orientation 


by Examining Slip Traces within Them 
Occasionally very deep slip lines are 
found, within which two sets of fine slip 
lines of other slip systems are visible, as 
Fig. 13. Such 


further method of distinguishing between 


shown in cases afford a 
homogeneous and inhomogeneous slip, for, 
if the slip in the deep band was of the 


inhomogeneous type, the surface exposed 


O 20 


12, Curves illustrating the relation between the 


shear in bands I’ and ®. 


The of the table is the 


probable error calculated from the measurements in 


error given in column 4 


the usual way. The chief source of error lies in the 


measurement of the respective lengths of shadows 


which are used in the calculations. Further errors 


are introduced by electrolytic polishing, which 


causes a rippled surface with angular variations 
from the mean surface, and by the wavy form the 
replica tends to take on after being removed from 
the sample surface. Consequently it seemed de- 
sirable, when measuring a single slip step, to find 
within what limits of experimental error it would 
be possible to make a distinction between homo- 
geneous and inhomogeneous slip. 

A sensitive criterion would be the determination of 
the shear I in a slip band from the above measure- 
the 


glide on one plane only while it is close to 1 for 


ments, as [° ought to be infinite in case of 


in it would be a (111) plane, on which the 
other sets of slip traces would include 
If, on the other hand, the 


slip was of the homogeneous type, then 


angles of 60°. 


the angle included by any two sets of slip traces would 
not be 60°. 

Although this idea is very simple in principle, it 
is not altogether easy to use it quantitatively, because 
the angle in question is not directly measurable, but 
only its projection in the plane of observation. 
Furthermore, the angle between the crystal surface 
and the surface in the deep slip line is unknown. 
However, knowing the orientation of the crystal, 
and with the help of its stereographic projection, it is 
possible to calculate what the observed angle p’ 
included by the slip traces, should be for any given 
angle between the slip-line surface and the projection 
plane. The calculated curve p’(®) is then plotted 
(see Fig. 14), and with measured values for p’ the 
angle ® is directly obtained from the graph. The 
method of calculating the curve is explained in 


Appendix IT. 
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Fic. 13. 


of the second and cross slip systems; 


The actual measurements were all obtained from 
crystal No. 24(1), 
slip steps. It 


which showed the desired deep 


was deformed up to € = 38%, practi- 
cally all in single 
45 l 

) 


are given in Table 2. 


slip, giving an angle gm equal to 


with the angle © equal to 43°. All results 
It can be seen that the values 
for ® are mostly somewhat 
the 


geneous slip. 


smaller than g 45°. 


which corresponds to ideally inhomo- 


this 


angle 


The authors believe that is due 
to the random waviness of the SiO replicas discussed 


As the 


average value for ® obtained by the measurements 


above, rather than to homogeneous slip. 


is 42°, this value deviates only 3° from the expected 
value for pure inhomogeneous shear. This deviation 
is only slightly bigger than the average error. Finally, 
the value which would be obtained in the case of 
homogeneous slip can be read from the curve ['(@) in 
Fig. 14, namely © ~ 15°, 


most extreme experimental value of ®. 


which is well beyond the 


(iii) Measurement of the Thickness of Slip Lines 
using Slip-line Intersections 

Wilsdorf and Kuhlmann-Wilsdorf® have described 
two methods by which the thickness of a slip band, 
i.e., the thickness D of the material perpendicular to 
the slip plane which takes part in the deformation, 
measurements made at 
The 


applicable and which have been derived in the pape 


can be determined from 


slip-band intersections. formulae which are 


mentioned, are 


Dy (Why (1) 


T tan Or COS sin Pry 
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Ce 


Ig 


Slip line caused by glide over a distance of about 2 microns, 


30,000. Elongation 


and 


D, = (W, 


X tan cot my) sin 


have the following meaning 


Here 


Index I indicates the slip line which has been crossed 


the S\ mbols 


index I] the slip line which arose late and crossed 


the first; @ is the angle und 


between slip pl vii 


Fig. 14. 


betwee 


The 


n ditterent sets ol 


relatio 


and @, and also betwee! 


Ip Te 
Ip, If, | Ip, \¢ 
| 
| 
/ 
acy Hy 
crossed by lines 
— 
4 
ote 
| 
a T 
| 
| 
| 
= — 
traces ssing le 
for crystal 24(1 


(q @) 
Angle between Angle between 
“new surface” slip-plane and 
slip-band 
“surface” 


Observed angle 


between slip 
traces in slip and slip-band 


band “surface” 


‘ulated from scatter of results: 
he en determine ith an accuracy ot 
between the slip direction 
W is the 


is the lateral 


surface; © is the angle 
and the direction of the line on the surface; 
width of the slip line as observed; 7 
shift of the intersected slip line: and _X is the apparent 
displacement of the cutting slip line at the inter- 
section (Fig. 15). 


A 


order to find suitable slip-line intersections. It 


great number of photographs were studied in 
soon 
became evident that the intersections between slip 
lines of the first and second systems were generally 
unsuitable. This is peculiar to brass, because in this 
that of the 


studied, double slip is impeded and is in a large 


case, unlike metals previously 


pure 


measure replaced by cross slip.“ 


Fic. 15. Evaluation of I’ from slip-line intersections. 7 
is the lateral shift of the intersected slip line (1), while X is 
the apparent displacement of the intersecting slip line (II). 


Mean value of ¢ : ; it should be 


Thus the lines of 


4, 1956 


Angle between Angle between 
“new surface” slip-plane and 
and slip-band slip-band 
“surface” 


angle 
between slip 
traces in slip 
band 


noted that q has 


Electron micrograph, suitable for determining I’ 


from the line intersection; 20.000. 


allow even 
and X. 


On the other hand, intersections between lines of the 


the second system were too weak to 


moderately accurate measurements of 7’ 


first system and lines of its own cross-slip system are 
rather frequent, and many were found to be suitable 
for the determination of slip-line thicknesses (see, for 
16). 
all on the same crystal, were chosen, and for each of 
and II 
mined. The crossings were chosen only with a view 
of obtaining accurate measurements. Table 
The scatter in the 


instance, Fig. Altogether twelve intersections, 


these the thicknesses of lines ] were deter- 
3 gives 
the result of these measurements. 
value of 1/[° suggests a probable error of 0.004. 
Undoubtedly the scatter is due to errors in the 
measurements and to the waviness of the replica, 
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l 2 3 4 l 2 3 4 
l 67 42 3 14 69 13 ? 
? 66 4] 4 15 66 4] } 
3 60 36 of) 16 70 44 0 
4 62 38 7 17 77 48 3 
5 62 38 7 LS 66 +] 4 
6 7s 5 19 61 ‘s 
7 64 6 20 62 38 7 
8 67 3 21 73 16 2 
if) 69 2 22 62 38 7 
LO 7] 0 S4 57 12 
1] 71 0 24 73 46 l 
12 55 13 25 67 4? 3 
13 54 14 26 74 17 Z 
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TABLI 


Method 1 


has 


d 
Shear in slip band 


sected slip 
pendicular 
which 


Observed 
the 


(mm) 


0.027 
0.021 
0.003 


0.07 
0.05 
0.014 
0.212 
0.13 
0.16 
0.11 
0.04 
0.036 


O.OL7 


0.048 
0.016 
0.024 
O.029 
0.022? 


0.008 


l. 
l. 
» 
3. 
3. 
2 
3. 
» 
» 
3. 
» 


0.062 


All measurements were made on micrographs h 


as negative values for D could not be explained 
otherwise. The mean value of 1/T for all twenty-four 


For D it is —9A 
LOA for slip steps of approxi- 


measurements is 0.0002. with 
a probable error of 
mately 1000-A depth. Consequently it may be said 
that, in the group of twenty-four slip lines measured, 
the average shear corresponds to slip on one atomic 


plane only.* 


(iv) A Criterion for Homogeneous or Inhomogeneous 
Slip in connection with Slip-line Crossings 

The single quantitative measurements described in 
the preceding sections are subject to considerable 
error, due to the inaccuracy of the measurement 
itself, the waviness of the replica, and the ripples on 
the surface of the sample. It is, however, possible, 
by a simple argument, not involving measurements, 


to come to a conclusion as to whether a slip line has 


* The term “‘one single atomic plane”’ is used throughout 
this paper for the sake of simplicity: it is realized that, say, 
three atomic planes may be involved in the slip process over 


these long distances, due to lattice irregularities. 


INVESTIGATION 


ON THE MODE OF SL 


2 


width of slip 
r to slip plane 
s taken part in 


a 
i 


‘ss of material per 


rmation 


\pparent displacement ot 
intersecting slip line 


Observed 


been caused by glide on a sing 


whether many atomic planes 


rec 


known from the geometry 


It is 


centered cubic crystals that the 


belongs to hoth a 


and that 


slip system 


system, this slip direction 


mtercept ot the two corresponding 


Consequently, if either system crosses the 

visible trace should be found along the juncti 
relatively displaced sections of the initial sl 
since there is no component of slip perpendi: 
the intersected slip plane which can be made 


by shadow-casting. Examples of this phen 
Figs. 17, 18, 19 


micrographs taken from different crystals Al] 


are shown in and 20, whicl 


micrographs show areas where the first syste 


initially active, to be cut later by the cross s Ip lines 


turn leave no visible traces in the 


Naturally, the 


does not 


which in their 


original lines question as which 


system was initially active affect the a1 


ment in this specific case, as any deviation 


initial slip-line surface from the position 


| 
Method 2 
l 2 3 4 5 6 7 8 | 
i 
Wh Du iy X Wy D | 
=: = 
(mm) (mm) \) mi mm \ 
1.3 2.7 6 O.07 35 
1.2 4 2.4 2.5 0.07 35 x] 0.014 
2.3 2.8 2.6 0.14 70 +] 0.024 
2.2 ) 2.2 2.1 0.07 35 66 0.015 
2.6 7 2 8 0.07 25 SO) ,O18 
0 > 0.07 25 60 0.017 
2.0 ) 0.9 1.0 0.07 35 0.037 
2.5 0.9 1.0 0.07 35 27 1.037 
4 3.4 ) 0.113 57 60 Ye 2.8 2.8 0) 0) 
1QO56 2.0) =. 0.25 125 16 — 2.5 2.2 0.2] 105 25 040 
| 
lies along th 
4 
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Cross-slip lines intersecting deep slip lines of the first system, 


without leaving traces; all 


111)-plane would result in the formation of a visible 
trace by the crossing system. 

Fig. 13 shows a micrograph of a slip line rep- 
resenting slip to the extent of about 2 yu 


(about 
It was felt that this micro- 
graph merited a separate discussion, and it is ex- 
of the descriptive Table 4. 
All the markings on the edges of the micrograph in 


7000 atomic distances). 
plained with the aid 


Fig. 13 are continuations of lines, referring either to 
slip lines on the crystal surface (symbols on the top 
of the figure), or to lines on the newly exposed 
surface (symbols on bottom of the figure). In the 
descriptive table, the lines are listed in the order in 
which they took part in the slipping process. 

The most remarkable feature of this photograph, 
from the standpoint of this paper, is the displacement 
of line II by the cross-slip lines C,, C,, C,, Cg, Cz, and 


C., as drawn in detail in Fig. 21. This affords evidence 


that the cross-slip lines mentioned definitely acted 
after the formation of the 


big step. Although the 


direction of the shadowing beam was such that anv 


steps on the slip plane should have been observed, 
these lines leave no visible traces on its undisturbed 
surface.* The only explanation for this pheno- 
menon is that slip takes place on one plane only, 
over the entire slip distance of 2 «~ which can be 
seen in the micrograph. However, a slip line which 
had been caused by the deepest cross-slip line in 
Fig. 13, on a plane deviating less than 5° from the 
(111)-plane, would not have been visible, due to 
limited resolution.* 


* For the trace 7’. see Table 4. 

+ The smallest deviation observable depends mainly on the 
depth of the cross-slip line, and in more favorable cases 
(e.g., Fig. 17) can be as small as 1°. 
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Fic. 19 Fic. 20 
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20,000. 
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A slip line formed by slip on the slip plane of th 
cross slip S\ stem, but in a different direction, causes a visible 
trace when crossing a slip line of the first system 20,000 


lines were due to slip in a different direction. This 


Fic. 21. Diagrammatical representation of the slipping ; i 
processes in Fig. 13. The very fine lines in II,, II,,, II,,, and 38 evident from the appearance of the two types of 


II,, have been greatly enlarged for the sake of clarity, being lines causing the phenomena, which alwavs show a 
hardly visible in Fig. 13. saad i 
different measure of blackening. 
In several micrographs of different crystals, 

examples were found where a system, which was ‘Y) Statistical Method 

active on the normal cross-slip plane, caused a In the previous paragraphs of this paper it has 
clear and definite trace on the slip lines of the first been shown that the examination by different 


system (Fig. 22); but in these cases the cross-slip methods of groups of individual slip steps consistently 


TABLE 4 


Line No. Description (see micrograph Fig. 


Large white slip line, caused by first system (q@, 
Faint black line, being in the direction of second-system line ) crystal surface 
visible because (©) 0, Po 68°, and cuts across I (where © 61°, @y ] 

trace LI, 


Original position of the trace of II, caused by its crossing slip plane | 


"5, C3, Cy, Cg, Cz, Cg, and | Cross-slip lines on crystal surface which cut across large slip plane I, displacing sect 
junctions 2, 3, 4, 6, 7, | alternatively, for distances equivalent to the black junctions 2, 3, 4, 6, 7, and 8 
corresponding sections of II. 


fi, Sections of II,, displaced by C,, C 


II,., ae 3° and II, “Bands” of second-system lines on I, which are all less than 100 A 


forming in regions where black traces of C, and C, are observab! 


C, and C, and junctions 1 —_Cross-slip lines cutting I to form black junctions 1 and 9 between corresponding 
and 9. T., and - and also black junctions between relatively displaced sections of fine lines in 


and I] ’ which then give the impression of black traces 7'¢, and 7'p, on 


II,,, 11,;, and others White second system traces formed by lines such as II ,, ITg, and IT, 
iCy. aCn Lines such as these belong to a system acting on the cross-slip plane and in the slip dire 


the second system. 


Evidently this line crossed the slip plane I before II, as it did not lisplac ell 


* Order of activity is not in accordance with position in table. The fine white line II,, which crosses the large slip plane 


and almost coincides with the original position of II, before its displacement by the cross-slip lines, can only have been caused 
by slip after the latter event, as it has in no way been displaced. 
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led to a result which indicated that slip in «-brass is 
inhomogeneous, i.e., probably takes place on one 


The 


conclusive if, 


atomic plane only. result would, however. 


be even more instead of examining 
individual slip steps selected at random, one ex- 
amined all the slip lines, irrespective of their depth, 
that appear on a certain area of the specimen. To 
attempt this by the methods described so far would 
involve an enormous amount of work, as it would 
be necessary to investigate hundreds of slip lines 
lving side by side. Fortunately, a statistical method 
is available in which the average shear in the slip 
bands on a specimen is calculated from the proportion 
of the surface of the specimen, which appears to be 


covered with slip lines when viewed from above. This 


method was developed for an earlier investigation of 


slip bands on aluminum," and was adapted to the 
present study by the elimination of an approximation 
the earlier The final formula used 


used in paper. 


has the form 


(] €) Sin * SIN 


(1 sin” cos Ao) COS (Po 


sin ©) {SIN * COS Py SIN“ Pp tan (Po 


where B is the fraction of the surface which appears 
to be covered with slip lines when viewed from 
above, € is the tensile strain, A, is the angle between 
slip direction and axis before deformation, / is the 
angle between the direction of the slip lines on the 
surtace Po: P: 
and () the The 
derivation of the formula is given in Appendix III. 


and the axis after deformation, and 


have same meanings as_ before. 

For the successful application of the statistical 
method, a number of precautions have to be taken: 
the specimen should be moderately strained, so that 
the value of B is not too small, and it should have 
im- 


The 


distribution of the slip lines is by no means uniform, 


slipped on one system only; also (this is most 


portant) many photographs must be taken. 


but varies greatly over distances which are large 


compared with the field of view in a photograph 


iken at 20,000. In an in- 


a magnification of say 
vestigation of slip lines, not made with the specific 
aim of 


would be taken to show particular surface features 


finding a reliable value for B photographs 


such deep slip steps, 


etc., 


as cross slip, exceptionally 
and not 
There- 


fore, it would be useless to attempt the application 


areas with unusually fine slip lines, 


to show the average distribution of slip lines. 


of the statistical method to an arbitrary set of 


photographs, as for instance may be found in pub- 


lications, but it is imperative that series of photo- 
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graphs be taken, showing adjoining surface areas, 
and covering as large a distance perpendicular to 
the slip lines as possible. 

For these reasons the statistical method was used 
on a considerable number of photographs taken of a 
crystal with an angle qm, between the slip plane and 
15%. 


The total length of the areas investigated, measured 


the surface equal to 52°, and strained to e 
perpendicularly to the slip lines, was more than 


0.5 mm. The photographs with a magnification of 
20,000 were obtained from fourteen replicas, taken 
from different parts of the specimen. In order to 
ensure further that a specimen with random slip- 
of the 


The value 


line distribution was obtained, each two 


authors took a number of photographs. 
of B was obtained by measuring every slip line 
appearing on the photographs, using a glass rule 
Again both 


checks showed good 


with 0.5-mm divisions. authors took 


measurements and occasional 
agreement. The width of the slip lines on the photo- 
graphs varied between 0.1 and 2.6 mm, corresponding 
to an observed width on the replica of 50 to 1300 A. 

An independent check was made on the measure- 
ments by using photometer traces of the densities 
of slip lines, photographed on plates at a magnification 
of 20,000. The total area under all peaks was measured 
with a planimeter and, with the aid of a calibration 
curve obtained from measurements of wide and 
the equivalent slip-line width 
The 
this way were compared with the direct measure- 
tather 


clearly defined lines, 
of this area was derived. results obtained in 
ments taken from the photographic prints. 
surprisingly, the values of Bb obtained from the 
the 


from 1° 


photometer recordings deviated from direct 


measurements, giving values which were 


to 15% 


an average 


Oo 


with 
this 
As discussed in 


measurements, 
The 


discrepancy are not entirely clear. 


lower than the direct 


error of reasons for 
Section 2(i1). the contrast between the smallest slip 
the 


wider slip lines, 


lines and undisturbed surface is less than for 


resulting in lower peaks on the 


recordings. Since, with the planimeter, the area 


under the peaks is measured and not the half-peak 
breadth, this may be one reason for this phenomenon. 
Another possible reason is that an observer tends 
to make a small positive error in all measurements 


of line widths, when viewing lines on a darker or 


lighter background. Furthermore, there may be a 


slight error introduced when obtaining a print from 
a photographic plate, depending on the grade of 


paper taken. All in all, the average error of —6°%, 


seems entirely satisfactory, particularly when taking 


into account the narrowness of the average line. 


— B 
— 
— 


WILSDORF FOURIE: 


AND 


TABLE 5 


> 
Fraction ot Average 
surface covered shear in 


Length 
of area 


No. ot 
replica 
(ft) 


with slip steps slip steps 


0.175 
0.0164 
0.106 
0.202 
0.150 
0.106 
0.119 
0.154 
0.105 
0.137 
0.157 
0.0827 
0.100 
0.149 
0.144 
0.097 
0.064 
0.160 
0.119 
0.032 
0.0567 
0.0868 
O.O868 


bo ow 


te 


47 


Table 5 gives the result of the direct measurements. 
The first column indicates the replica from which 
the photographs were obtained. Each line in the 
table refers to one series of consecutive photographs 
covering an area, with a length perpendicular to the 
slip lines, which is given in the second column. The 
fourth 


slip lines, as found from that particular series of 


column indicates the average shear in the 
photographs, by making use of the formula given 
above. Negative values indicate that, if the strain 
in the observed section of the specimen were exactly 
equal to the average strain of the specimen, which 
is obviously not true, the thickness of the slip lines, 
perpendicular to the slip plane, would be negative 
In other words, less new surface is exposed than 
if the had 
This, of 


Conversely, a 


would have been the case strain been 


caused by slip on one atomic plane only. 
course, 1S 


physically impossible. 


positive value indicates shear which spreads over a 


certain thickness of material, as would have been 


the case in homogeneous slip proposed by Suzuki 
However, it would appear that the real reason for 
the scatter in the values is a statistical variation of 
the strain, varying from place to place. To form an 
accurate idea of the average shear in the slip lines, 
first to calculate the average value 


it is necessary 


INVESTIGATION ON 


THE MODE 


on 


<i 


dependence of the shear |" 


23. The 


of a surface covered with bands, fo 


of B from all the photographs and then to insert it 
When this is done, we find B 

0.118, with a probable error of about 6° 
i 91, while B 0.115 is the 


for slip on one 


into the formula. 
cliving 
theoretical value 


The 


from the 


atomic plane relationship 
B can be 


Furthermore, by 


between I’ and seen curve in 


Fig. 23. introducing the correction 
ot 
obtain B 


found from the photometer recordings, we 


0.110 0.007, in excellent agreement 


with the concept of inhomogeneous slip 


4, CONCLUSIONS 


An investigation on the mode of slip in a-brass 


was made in order to find whether, for a single slip 


line, glide takes place on successive atomic planes 


**homogeneous ”’ slip or on one atomic plane 


slip). Five methods of exami 


(“‘inhomogeneous”’ 
and the 


were used, results obtained 


i) The measurements of the ang 


the “surface” of a slip line and tl 


surface, using shadows east 


agreed within 


particles, 
robable error with the 


plane and crystal surface determined 


X-rays 


From two sets of different ip lines in deep 


slip lines, it was possibl to determine the 


angle @. Its mean value was found to deviate 


only three degrees from the value which is to 
be expected for inhomogeneous shear. which 


is slightly more than the probable error 
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2 6 0.03 
2 28 0.33 Ar 
3 56 0.13 
4 60 0.03 a 
5 28 0.02 i 
20 O.15 
6 23 0.04 so 
7 D4 0.08 
‘ 
0.12 
l 0.06 
] O.11 
l 0.07 
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(iii) By means of slip-line intersections, the 
thickness D of a line perpendicular to the 
active slip plane was measured, and found 
to be practically zero. 


The 


deep slip lines and their own cross-slip lines 


close observation of crossings between 


showed that slip in those lines was inhomo- 
gceneous. 

A statistical method was applied, in which 
the average shear I’ in the slip lines is cal- 
culated from the proportion of the specimen’s 
appears to be covered with 


surface which 


slip lines. The measurements give a value 
for 1/[’ which is very close to zero, indicating 
inhomogeneous slip. 

The regard these results as conclusive 

evidence that homogeneous slip does not occur in 

While four methods 


show that individual slip lines, selected at random, 


authors 
x4-brass to any marked extent. 


are not due to homogeneous slip, a statistical method 
shows that in addition even the small slip lines are 


almost certainly single steps. It is therefore con- 


cluded that homogeneous slip, if present at all, must 
be a rare occurrence on the surface of deformed 
x-brass. 
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Appendix 1 
A FORMULA FOR CALCULATING THE ANGLE 
BETWEEN A “BAND SURFACE” AND THE CRYSTAL 
SURFACE, FROM THE SHADOWS OF PARTICLES 
For the derivation of the formula, use is made of 


the measurable quantities are ly 


can be seen that 
d, and &, 


a) and (b). from which it 


while x is known. 
In Fig. 1l(a), it follows from the relation between 
triangles A BB’. A B’G, and AFG, that 


tan tan “%:cosé 


but 


thus, tan (C y) tan 


actual shadow 


The 


(see Fig. 115), is given by 


projected length 
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signs apply respectively to slip 
the 


where the and 


lines which appear darker and lighter than 
background. 
The angle of incidence of the shadowing beam, 


on the crystal surface, is given by 
tan (5) 


Thus ¢ is known, and yw can be obtained from (2), 
(3), and (5). 
For the particle casting a shadow on the slip plane, 


d,/2 sin x’. (6) 


9 9 


Usually, d, = d, in the case of latex particles, 
but for generality this is not assumed in the formulae, 
although they are shown to be equal in the figure. 


For d,+~d, an Fig. 11(b) 


obvious alteration in 
will follow. 
Now, in Fig. 11(b), 


let CB q (say), 


d. - cot 2 


then q 


From triangles CKD and CKB, it follows that 


sin sin C)/p, (9) 


where p CD, 


and also 3 sec (y p), (10) 


where y (11) 


By combining (9) and (10) and solving for /, it 


follows that 


sin p / (12) 


(/;/q sin ¢ 


sin 
where 4 


(13) 
COS 

the relation between triangles 
leads to 


As in the case of x’, 


DJH 


and 


tan 
tan (D 


cos 


Appendix II 


A METHOD OF OBTAINING THE CURVE 
OF p’ VERSUS ©® 


After the crystal has been deformed, a Laue 
back-reflection photograph is made, with the crystal 
parallel to the film. This plane also is the plane of 
projection of all micrographs. 

In order to obtain the angle of inclination @ of 


the surface cf a slip line to the projection plane, use 


_ 
| 
| 
(14) 
| 
(1) 
(3) 
d, 
2 


WILSDORF anp FOURIE: INVESTIGATION ON THE MODE OF 


is made of the angle p’, which is the observed angle 
between the two sets of slip traces within the deep 
slip line (Fig. 24). To do this, it is necessary to draw 
the poles and great circles representing the “new 
surface” (S), and the first, second, and cross slip 
systems (7. Tt and C) on the stereographic pro- 
jection of the crystal. This is illustrated in Fig. 25, 
where the poles of the planes and their respective 
great circles are given similar notations. Thus, in 
Fig. 25, L, gives the direction of the slip lines of the 
first system, while 7’, and 7, represent the two sets 
of traces of I] and C on I. The angles between L, 
and 7’, (o,), and L, and 7, (g,) can be measured from 
the stereographic projection. 

As shown in Fig. 1, the angle ® is dependent on 
the shear [, being equal to mw, for T © and de- 
creasing with diminishing values of [. The pole of 
the ‘band surface’ must always lie on the great 
circle passing through poles I and S. Now poles 
such as 1, 2, 3, and 4 and their great circles repre- 
senting various possible slip-band surfaces with 
values of ® corresponding to the angular separation 
between the poles 1, 2, 3, 4, and S are marked, and on 
each great circle the angles a, and o, are measured. 

The values of a’, and o’,, as observed in the plane 
of projection, are then calculated by the formula 

tan o’ cos M tana, 
and p’, the angle between the two sets of observed 
traces, is given by 
180 O's). 
Thus a curve p'(®) is obtained (see Fig. 14), and 
observed values of p’ can directly be expressed in 
terms of . 
Appendix III 
DERIVATION OF A FORMULA FOR THE 
AVERAGE SHEAR IN SLIP BANDS 

If a single crystal is elongated and shows slip 
bands due to fine slip, the fraction B of a surface 
covered with bands is given by 
Wows (1) 

L,(1 €) sin p 
where W,,. is the observed width of all bands on the 
crystal section, measured perpendicular to the 
bands, f the angle between the slip bands and the 
crystal axis, and L(1 €) the length of the crystal 
after an elongation strain of e«%. From Fig. 26 
follows that 
d 


COS (Po g ) $* COS Po 
0 


W 


obs 


$ SIN Po * SIN (Po 


24. The geometrical relation betwee 


the 


included by the traces, and o 


Wobs 


OLD SURFACE 
R-P 


PROJECTION PLANE 


(Plane of "New Surface" 


Drawing for the 


as a Ttuncti 


n the 


observe 


[ool] 
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The total slip in the band is 
sin 


©) being the angle between the slip direction in the 
slip plane, and the direction of the slip line. 

Since we wish to obtain a formula connecting B 
with the net average shear I, this quantity has to 


be expressed in terms used before. Thus 
(4) 


and it follows that 


S/T cos — v) + sin © cos sin 


COS (Py — + sin © sin? sin — 
Lil sin Sin 

(5) 
S can be expressed in terms of the average shear Y 
of the crystal, and hence in terms of the strain e; 
thus 


S 


Ly sin 
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- (Vv (1 €)* 
sim 7 


sIn* Ao COS Ay). 


where A, and 7 are the angles between the axis and 


slip direction, and the axis and slip plane, respec- 


Hence 


tively. 


L(V (1 + €)? — sin? A, — cos A,) (6) 


By inserting (6) in (5), the final formula is obtained. 
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MECHANIK UND KINETIK DER DIFFUSIONSLOSEN MARTENSITBILDUNG* 
H. KNAPP und U. DEHLINGER 


Die empirischen Befunde beim Martensit schliessen eine Keimbildung durc} 
obwohl die Kurve der Verzerrungsenergie je Mol einschliesslich der Grenzflache: 
mender Keimgrésse gegen Unendlich geht. Dieses thermodynamische nma lost 
bei der Co-Umwandlung ein praformierter Keim vorhanden ist, der aus zwei iiberlage 
der Grundstruktur bei Annaherung an die Umwandlungstemperatur sich ohne jed 
Aus den empirischen Orientierungsbeziehungen wird die Verzerrungsenerg 
berechnet. Wegen der Koharenz der beiden Gitter treten dabei an der 
auf. Nach Einsetzen der Grésse des pratormiuerte n Keims erhalt man 
300 cal je Mol Martensit, was die beobachtete Martensittemperatur befriedigend 


stum der Nadel miissen die Schraubenversetzungen der Grenzflache in das Austenitg 


Da man die Abhangigkeit der Geschwindigkeit wandernder Versetzungen vo1 


pannung, die von der akustischen Dampfung herriihrt, theoretisch kem 


fiigung stehenden freien Energie die Geschwindigkeit der Nadelbildung 
steigt von Null sehr schnell an, fiir die zur Bildung einer Nadel bendt 
Wenn das Langenwachstum beendet ist, kann die Nad 


erschépft ist. 


MECHANICS AND KINETICS OF MARTENSITE FORMATION WITHOUT DIFFUSION 


The empirical results with martensite exclude nucleation owing 
distortion energy per mol, including the interfacial energy, tends to infinity 

This thermodynamic dilemma is only to be solved if, as with the transf« 

nucleus is present, which is formed without any diffusion out of two 

“Grundstruktur’’ (dislocation network) when the ransformation emperatul pproached 
The distortion energy is computed from the empirical orientation relat 

size. Owing to the coherence of the two lattices, there are shear stresses : 

put in the size of the preformed nucleus, there results a distortional energ 
which satisfactorily explains the observed martensite ten ( With inere 
the screw dislocations of the interfaces have to move into the a nite lattice 
speed of moving dislocations on the driving shear stré 

theoretically, the rate of the needle formation can be 


available. This rate increases rapidly from zero; 
we obtain 5- ¢. When the length-growth 


exhaustion of the free energy. 


DYNAMIQUE ET CINETIQUE DE LA TRANSFORMATION MARTENSITIQUE SANS 
DIFFUSION 


Les résultats empiriques relatifs a la martensit 


la courbe de énergie de distorsion pal mole, \ 
décroissance de la dimension du germe. Ce dil 
comme pour la transformation du cobalt, un germe pre 
a partir de 2 dislocations superposées de la “Grund 
pérature approche celle de la transformation 

L’énergie de distorsion est caleulée a partir cd 
dimension du germe. 

A cause de la cohérence des deux réseaux, il y a dé 
introduit la dimension du germe préexistant, il en rési 
mole de martensite, ce qui explique d'une facon satisfi 
Avec augmentation de la dimension de l’aiguille, les dislocat 
le réseau austénitique. Comme la dépendance de la \ 
de cisaillement qui résulte de lamortissement acoustic 


formation de l’aiguille peut étre calculée quantitativems 


* Received October 7. 1955. 
+ Aus dem Institut fiir theoretische und angewandte 
fiir Metallforschung, Stuttgart. 
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1. THERMODYNAMIK DER KEIMBILDUNG 
Vorgang verstanden 


Stellen 


Unter Keimbildung soll jeder 


werden, bei dem sich an _ einzelnen eines 


atomistischen Dimensionne eine 


hildet 


Systems 1n neue 
Atomkonfiguration 


methodisch streng zwischen Keimbildung und darauf- 


Nur in einem speziellen 


der Keimbildung durch Schwankungen, muss 
werden, 
moéglich. Die durch 


Anderung AF der freien 


freien Enth ilpie) 


Keimwachstum unterschieden 


Fallen ist 


foloendem 
in anderen dies nicht 


rat n Ke im he rutene 


Energie (bezw. det des Systems 


zerlegen wir in den von der Keimgrésse unabhangigen, 
an den homogenen 
vinnenden “‘chemischen Anteil” AF, 

Verzerrungsenergie’ AF, die sich im 
] 


memen wieder aus dei Oberfla henenergie AE 


aus thermischen Messungen 
Phasen zu 


und die 


und der Spannungsenergie AF zusammensetzt 
Wenn wir cliese (.rossen aut elm Vol ein Atom 
des Keims beziehen,. schreibei il 

] 


inkoharente und koharente Keime 


Zuniaichst sind 


zu unterscheiden Inkohairente Keimbildung 


selbstverstindlich in Flissigkeiten und Déampfen, 
im kristallinen Zustand ist ein Keim inkohirent, 
okeitsahniliche Grosswinkel- 


Matrix 


wenn er durch eine fliissi 


korngrenze von der getrennt Ist. Koharente 


entweder eine definierte Grenzflaiche 


nach Art 


parallelen 


Keime 
Kleinwinkelkorngrenze 
cebildet 


Matrixgitter 


hesitzen. die einer 


von nahezu Versetzungslinien 


wird. oder sie k6nnen stetig in das 


iibergehen. Eine besondere Oberflichenenergie ist dann 


in der Verzerrungsenergie nicht zu unterscheiden 


Wird die 


schiedenen 


Geometrie des Keims in seinen ver- 


Stadien als bekannt angenommen, so 
Atom Mol 
Zahl der Atome im theo- 


diese 


kann die Verzerrungsenergie. e, je oder 


als Funktion det Keim 7 


retisch berechnet werden. Kurve ist die 
Vorgangs. 
auftritt, in 
Unendlich 


definierten 


wichtigste Grundlage der Kinetik des 


Da die Grenzflachenenergie e.. wenn sie 


illen Fallen mit abnehmendem i gegen 


reht. hat die Kurve fiir alle Keime mit 


Grenzflichen die Form der Fig. 8, wie sie auch der 


hekannten Theorie der Keimbildung durch Schwan- 
Volmer u.a. 


Grenzflachen. 


kungen von zugrundeliect. Fir Keime 


definierte z.B. die Komplexe 
Mischkristallen 
dagegen ist ¢ ei kleinen Werten von 7 unabhiangig 
Werten 
gegen Null. 


Energie f. ist 


onne 


der Kaltaushartung in tibersattigten 


von 7 nimmt bei grodsseren vielfach etwas 


ab. geht aber nicht 


Die chemische freie wesentlich 


temperaturabhangig und zwal naherungsweise 


proportional dem Abstand A7' dei Arbeitstemperatur 
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Dagegen 
T. Daher 


fehlender Grenzflichenenergie stets eine 


von der wahren Gleichgewichtstemperatur. 


sind e, und e,, nahezu unabhangig von 
gibt es bei 
0 die freie 


bleibt. 


bestimmte Temperatur, von der ab fiir 7 
Energie f negativ wird und weiterhin negatiy 
Von da ab kann also dem zweiten Hauptsatz ent- 
sprechend durch diffusionsartige Anlagerung eines 
Atoms anderen 

Keim cehildet werden und wieterwachsen. 

Fall dagegen, 


kleine 7 


nach dem negative Diffusion) der 
Verzer- 


Unendlich 


geht, ist eine Keimbildung, die dem zweiten Hauptsatz 


Im erstgenannten wenn die 


rungsenergiekurve fiir vegen 


cehorcht. bei cler also clie freie Energie des me) stems 


stindig abnimmt. offensichtlich zunichst bei keiner 


Temperatur moglich Statt dessen kann der von 


Volmer 


iderspre¢ hende 


hetrachtete, dem zweiten 
Vorgang 


Schwelle der 


Hauptsatz 
eintreten, bei dem die 


notwendig vorhandene freien Energie 


des 


iiberwunden 


eine statistische Schwankung 
Durch 


dass ein 


Systems durch 


wird. Turnbull? ist experi- 
dieser Art 
die Erstarrung besonders gereinigter Metallschmelzen 
beherrscht, Zustand 


Schwankungs- 


mentell nachgewiesen, Vorgang 


dagegen ist kristallinen 


noch nie eine Keimbildung durch 


vorgange mit einiger Sicherheit nachgewiesen worden. 
Insbesondere beim Martensit kann ein Schwankungs- 
vorgang, der zweifellos stark von der Temperatur 
abhangen miisste, als experimentell direkt widerlegt 
betrachtet werden, da die Bildungsgeschwindigkeit 
Martensit-Nadel Austenit 


der Martensittemperatur von der Temperatur nicht 


einer aus dem unterhalb 


merklich abhaingt und noch bei 4°K gross ist. 
Offensichtlich lost durch 
Ober- 


kristallinen 


sich diese Schwierigkeit 


die naheliegende Annahme, dass die mit 


flichenenergie verbundenen Keime im 


Zustand an bestimmten Gitterfehlstellen entstehen, 


Cohen erstmals eingefiihrten 


also aus den von 
“praiformierten Keimen” herauswachsen. Es sind 
dies Fehlstellen im Gitter. vor allem Bereiche des 


Versetzungsnetzes der Grundstruktur, in deren Nihe 
Atome schon denjenigen im 
Diese Ahnlichkeit 


wird bei Annaiherung 


die Lagen der neuen 


Gitter Ahnlich sind. braucht 


zunichst nur gering zu sein: sie 
an die Gleichgewichtstemperatur aus thermodynami- 


schen Griinden stets grésser. Bezeichnen wir namlich 


mit y, die geometrischen Parameter (meistens 


Winkelgréssen), welche die Atomverschiebungen vom 


alten zum neuen Gitter kennzeichnen, dann kénnen 


wir als verallzemeinerte Schubmoduln in Bezug 


auf diese Verschiebungen die Gréssen 


Oo, 
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definieren. Da weiterhin gilt 


werden die G, gleichzeitig mit f, am Gleichgewichts- 


punkt zu Null und nehmen bei Anniherung an diesen 


entsprechend ab. Das bedeutet aber, dass bei 


Annaherung an die Gleichgewichtstemperatur die 


von den inneren Spannungen der Grundstruktur 


erzeugten Verschiebungen in Richtung auf das 


werden: begrenzt 


und 


entstandenen 


neue Gitter zu immer grésser 


werden sie durch die aus f entspringenden 

Spannungen. Die so Fehlordnungs- 

stellen nennen wir praformierte Keime. 
Anstatt die Zustinde mit 


thermodynamischen G, und _ fiir 


freie Energie der den 


eine bestimmte 


Grundstrukturstelle einzeln zu berechnen, k6énnen 


wir schematisch in der ohne Beriicksichtigung von 


Gitterfehlern 


die Grésse 7, 


berechneten Verzerrungsenergiekurve 


des priformierten Keims einsetzen, 


der in der Nahe der Umwandlungstemperatur zu 


erwarten ist. Wir erhalten damit die Verzerrungs- 


beim Wachstumsbeginn des 


Atom, die 


praformierten Keims anzusetzen ist. Die Temperatur, 


energie je 


bei der entsprechend dem zweiten Hauptsatz dieset 
Vorgang beginnen kann, der die fusserlich beobacht- 


bare Umwandlung darstellt, erhalt man durch 


Gleichsetzen dieser Verzerrungsenergie mit der nega- 


tiven chemischen freien Energie, also fiir / 0 


Ebenso wie die Entstehung des 


der 


Wachstum so vor sich, dass dabei die freie 


praformierten 


Keims aus Fehlordnungsstelle geht auch sein 


des Systems stindig abnimmt. Fiir die Geschwindig- 
keit solcher in der Nahe ihrer Gleichgewichtstemper- 
irreversibler Vorginge gilt 


atur verlaufender 


Bei Vorgingen, die mit diffusionsartigen Bewegungen 
Atome Aus- 


scheidungsvorgange in Legierungen sowie Wachstum 


einzelner gekoppelt sind, das sind 


inkohairenter Keime auch in Elementen, ist zu setzen 


Umwandlungen 
Wandern 


Verschiebungen 


bei den diffusionslosen 
Atome 


nur 


Dagegen ist 
bei denen die 


aihnlich wie beim 


einer Versetzung kleine aUusZzu- 


fiihren haben, die aus mechanischen Griinden weit- 
Phase Faktor ¢ 
nahezu unabhiaingig von der Temperatur. 

Nun ist f. bei kleinen Werten von 7, also bei Beginn 


vgehend miteinander in sind, der 


Energi 


MARTENSITBILDUNG 


des Vorganges, stets von 7 unabhingig. Somit hat 


die Kurve, welche die Umwandlungsgeschwindigkeit 
hei konstantgehaltenet Funktion 


der Zeit 


Menge 7) angibt, die Form det 


Temperatur als 
und naiherungsweise auch der umgewandelten 
umgekehrten Verze1 


Insbesondere hat sie bei Keim- 
Fig. 9 
] 


meist als kinetische 


rungsenergiekurve 


bildung mit Oberflachenenergie die Form det 


Die integrierte Kurve, die man 


Kurve bezeichnet, beginnt also mit flachen 
Anstieg, dei 
vegen Null 


S-formigen 


einem 


sich erst spate! vergrossert. dann 


wiede! Bekanntlich werden 


kinetischen Kurven, oder bei 


venauel Beobachtung statt dessen di sogel 
wirklichen Ausscheidunget 


zeiten, bei allen 


aushartungen heobachtet 


2. DIE KOBALTUMWANDLUNG 


Das einfachste Beispiel eines praformierten Keir 
kubisch-hexagonal des 


bietet clie Umwandlung 


Geometrisch besteht sie 
Ebene 111 des 
kubisch flachenzentrierten Gitters sich ein Stapelfehler 


fault) Nun 


Kristall vor 


Kobalts nach A. Seeger. 


darin, dass in jede! zweiten 


ausbildet besitzt aber 


staking 


flichenzentrierte vornherein kleine 


Netzebenenbereiche mit 


sole] 1) st vpelfehlern cli 


durch Aufspaltung der in der Grundstruktur ha 


dem Burgt 


vorkommenden Verset Zungen mit 


a/2 in zwei Halbversetzungen entstehe Di 


Energi eines solchen / l Zusammen 


aus der der beiden Halbversetzungslinien und einen 


1¢ hne t werden 


Anteil, der als Grenzflichenenergi 
kann und proportional ist der von dem St 
Flache sow 


Stapelfehler kennze 


elingenommenen 


ful clie det 


] 
KOMMen 


} 


Wechsel 


meEIST 


Dazu 
Beitrage cli von den 
solchen Bereichen 


Kristalls herriihren 
Schubmodul bei 
temperatul 

Null 

Kein 

elnel 

wird 


det Gleicl 


Zu treiben und 


SUL ht 


oTossern 


knoten mit eine! 


25-9 > Oxy) 
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dem Doppelten des Netzebenenabstandes (111) ange- 
geben, der es den Halbversetzungslinien geometrisch 
ermoglicht, unter dieser Schubspannung spiralartig 
einen raiumlichen Bezirk zu durchlaufen. So kann 
der praiformierte Keim weiterwachsen. 

Da sich das spezifische Volumen bei der Umwand- 
lung nicht merkbar dndert, ist die Verzerrungsenergie 
(nach Ausbildung des praiformierten Keims) wesentlich 
durch die genannten Wechselwirkungen bestimmt. 
In einem unversehrten Einkristall wird den gréssten 
Betrag ein Glied geben, das von der Wechselwirkung 
der beiden Halbversetzungslinien herriihrt, wenn 
sie beim Durchlaufen der Spiralfliche gerade unter- 
einander zu liegen kommen. Im Mittel ist in diesem 
Fall die Verzerrungsenergie weitgehend unabhangig 
Daher 


entspricht, von einer wenig unter der Gleichgewichts- 


von i. kann, wie es auch der Beobachtung 


temperatur liegenden Hysteresetemperatur ab die 
Umwandlung bei konstanter Temperatur fast voll- 
Die Reste 


flachenzentrierter Anordnung sind ebenso zu erklaren 


standig vor sich gehen. verbleibenden 


wie die Stapelfehler im kubischen Gitter oberhalb 


der Umwandlungstemperatur. Im_ vielkristallinen 
Material. wo die bei der Umwandlung notwendigen 
Scherungen an den Korngrenzen mehr oder weniger 


behindert sind, ist die Verzerrungsenergie stark 
von i abhangig, weshalb bei bestimmter Temperatur 


Bruchteil 


sewandelt werden kann. 


nur ein bestimmter des Volumens um- 


3. DIE ATOMVERSCHIEBUNGEN 


MARTENSIT 


BEIM 


Austenit Martensit 


vergrossert sich das spezifische Volumen um etwa 


Beim Ubergang vom zum 


5°°: daher kann die Umwandlung nicht wie die 


des Kobalts durch eine einfache Scherung beschrieben 


werden. In Fig. 1 sind die geometrischen Beziehungen 


“leitune 
Gleitung 


Gleitung + Scherung 


(M1), 


(101) 


M 


4 
Scherung ~~ _ Aufweitung 


Fic. 
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zwischen den Orientierungen der beiden Gitter nach 
Kurdjumow und Sachs) sowie nach Nishiyama‘? 
gekennzeichnet. Es handelt sich dabei um Grenzfille, 


die nur bei bestimmten Verhaltnissen der beider- 


seitigen Gitterkonstanten eintreten. Im folgenden 
soll die etwas einfachere Kurdjumow-Sachs-Beziehung 
zugrundegelegt werden.'* 15) 
Wie aus Fig. 1 zu schen ist, bleiben die Abstiande 
innerhalb der dichtbesetzten Atomreihen [110] , 

Die 


eine 


[111],, praktisch erhalten. Umwandlung liisst 


sich also darstellen als Verschiebung dieser 


Reihen und zwar: (1) Eine Vergrésserung der 


Abstinde 
[112] , 


der Reihen um einen Winkel y, fiir den gilt : tgy 1/3. 


zwischen diesen Reihen um 6° in der 


Richtung; (2) Eine Scherung in Richtung 

Die erstgenannte Verschiebungskomponente ergibt 
unvermeidlich eine makroskopisch merkbare Defor- 
Fig. 2). 


nach der Untersuchung an Schliffen durch plastische 


mation (vel. Die Scherung dagegen wird 


Deformationen, also aus einer gewOhnlichen Gleitung 


hervorgehende parallele Scherung so kompensiert, 


dass keine makroskopische Deformation zu sehen 


ist. Die Bedingungen fiir eine solche Abgleitung 


erscheinen giinstig, da im Martensit die entsprechende 
Ebene (112),, und die Richtung [111] Elemente 


der Zwillingsbildung. also bevorzugte Bewegungs- 


elemente sind. 
Makroskopisch andert die Ebene (225), bei 

der Umwandlung ihre Richtung nicht und_ bleibt 

Um- 


wandlung und die Mittelebene der Martensitnadeln, 


unverzerrt; sie ist die Invariable Ebene der 


also auch Habitusebene. Diese Netzebenen werden 


also bei der erwahnten Abstandsvergrésserung nur 


parallel verschoben. Eine von ihnen, die Mittelebene, 


ist dadurch gekennzeichnet, dass der Verschiebungs- 
vektor [112] , der makroskopisch sichtbaren zweiten 
Deformation, der die Abstandsvergrésserung ergibt, 


dem Betrag nach proportional dem Abstand von 


ihr ist?) (vel. Fig. 3). 


Da nur eine der beiden tiberlagerten Verschie- 


bungen makroskopisch sichtbar wird, bleibt nicht 


nur die invariable Ebene. sondern die ganze Zone 


senkrecht zu dem genannten Verschiebungsvektor 


Daher 


die kristallographische Orientierungsbeziehung nach 


bei der Umwandlung parallel. kann man 


Kurdjumow-Sachs in der iiblichen Weise formulieren: 
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(111), (110),, und [110] , [111],,. Berechnet 
225) des Austenits ent- 


man 
sich danach die der Ebene 
sprechende Ebene des Martensits, so findet man 
(734). 
Ebenen nicht dieselbe. 


Jedoch ist die Atombelegung in diesen beiden 
Nach Fig. 4 bedarf es einer 
inhomogenen, makroskopisch nicht sichtbaren Verzer- 
rung, um die beiden ineinander’ iiberzufiihren. 
Wie Frank”! bemerkt hat. 
Grenzflache Martensit 
Wachstumsflaiche), die 


der Ebene (225) , parallel setzen kann, die in Fig. 5 


miissen dazu in die 


zwischen und Austenit (die 


sogen. man naherungsweise 


angedeuteten parallelen Schraubenversetzungen 
eingefiigt werden, die durch Stufenversetzungen an 
den Seiten der platten-formigen Nadel zu ‘Verset- 
Wenn 


Versetzungen in jeder sechsten Atomreihe angebracht 


zungsrahmen’ zu erginzen sind. diese 


werden, wird die durch das oben erwihnte Gleiten 
gerade kompensiert. 
Fiigt Oberflache an 


eine spannungsfreie (734) ,,-Oberflache, dann passen 


hervorgerufene Inhomogenitit 


man die so vorbereitete (225) , 


Mar tensit 


Austenit 


Denkt sich nun die 


miteinander 


sie genau aufeinander. man 


Flachen verlotet. dann wird 


Martensit 
Konstanten in 


beiden 


sich auch im eine Verzerrung einstellen. 


Da die 


nahezu 


Gittern 
Gleich- 


urspriinglichen 


elastischen beiden 


wird im mechanischen 


Hilfte 


Verzerrungen, damit auch die Halfte des urspriing- 


gleich sind, 


vewicht nahezu_ die des 


lichen Burgersvektors im Austenit, und der gleiche 
Betrag mit umgekehrten Vorzeichen im Martensit zu 
finden sein. Dieser Zustand wird der Berechnung det 
Grenzflachenenergie zugrunde gelegt. 

Beim Wachstum einer Nadel 


Versetzungen in das Austenitgitter 


miissen also die 
hineinwandern. 
die Versetzungsrahmen sich vergrOéssern und an den 


Nadel vebildet 


Im Anschluss daran 


Enden der neue Rahmen werden. 


miissen die oben gekennzeich- 


neten Atomverschiebungen geschehen. Es ist zu 
betonen. dass die Atome bei diesen keine Potential- 
schwellen zu tiberschreiten haben. In dieser Bezie- 
hung liegen die gleichen Verhaltnisse vor wie bei der 
Read (2?) 


diffusionslosen 


von Chang und geometrisch untersuchten, 


anscheinend ebenfalls Umwandlung 


von Au-Cd. 


DEHLINGER: 


MARTENSITBILDUNG 


[225], 


Schrauben 
ver setzungen 


17 


554], 


Stufenver 
setzungen 


6 sind zwei Schnitte durch die Gitter in det 
Die Reihen 9-7 
Austenitgitters 
die Reihe 6 ist ein wenig daraus verschoben, sie wird 


K 4 in die alte Lage 


In Fig. 
Nihe 


sind 


der Grenzfliche gezeichnet 


noch in der stabilen Lage des 


elastische Kraft 


Die 


durch die 
teihe 5 ist in einer strukturell 
Reihen 1-3 


Martensitgitters, die 


zuriuckgetrieben 


labilen Zwischenlage, die sind in der 


neuen Gleichgewichtslage des 
Reihe 4 ist 
elastische Kraft A y in das Martensitgitter eingereiht 


Martensit 


schon in deren Nahe und wird durch die 


dann 
resultiert eine Kraft 
Martensits vet 


Ist der the mody namisch stabiler 


wird A ,, grosser als K somit 


die die Grenzfliche zugunsten des 


schiebt Potentialschwellen werden dabei von den 


Atomen 


die angegebenen Versetzungslinien senkrecht zu A 1) 


nicht tiberschritten, dagegen miissen. sich 


Sie stehen dabei ebenfalls unter dem Einfluss 
einer Schubspannung der Grose A ,, K ,. Nach (1 
\ustenit ein Git ter 


bewegen 


ist nun zu untersuchen, ob sich im 
Falle 


pratol muerte! 


baufehler, im vorliegenden eine Kombinatior 


von Versetzungen als Keim finde 


lasst. in dessen Nihe die vom Austenit zum Martensit 


fiihrenden Verschiebungen vorhanden sind In ae 


ss die lort elnveze 


Tat zeigt sich nach Fig. 7. da 
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verade 


112] 


innerhalb 


Versetzung mit dem Burgersvektor a 


die erste dieser Verschiebungen des um- 


rahmten Gebietes ausmacht. Dieser Burgersvektor 


ist 2/3 mal linger als derjenige der kleinsten normalen 
Versetzung im flichenzentriert kubischen Gitter und 
daher zunichst in mehrere_ kleinere 
Jedoch 


Annaherung an 


und wird 


aufspalten. wird nach dem in (1) gesagten 


bei den Umwandlungspunkt die 


thermodynamische Stabilitét der grésseren, marten- 


sitahnlichen Versetzung zunehmen. Die zweite 
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In e,, wurde bisher meist nur der von der Volumver- 


ordsserung herriihrende Anteil beachtet, der iibrigens 
nach Nabarro™?) 


Keims abhanget, und zwar so, 


und Kréner“®) von der Gestalt des 
dass er fiir sehr diinne 
kleinsten, aber auch fiir Nadeln 
Da aber beim Wachstum 
bleibt 


Scheiben am noch 


kleiner als fiir Kugeln ist. 


die Kohirenz sicher gewahrt (weil sonst 


keine diffusionslose Umwandlung mdglich wire), 


fiihrt 


zur Grenzfliche zu 


auch die Verschiebungskomponente parallel 


einer elastischen Verzerrung in 
Stufenversetzung in 

versetzungslinie 

Burgersvektor 


(IN), 


Verschiebung. die eine Scherung um 1/3 ergibt, kann 


Stufenversetzung mit dem 


19 


iiberlagerte 


durch eine 


Burgersvektor a zustandekommen. | 
VERZERRUNGSENERGIE DES 
MARTENSITS 

der 


calorischen 


4. DIE 
Eisenmodifikationen wurde 
Daten berechnet, 


Martensits) 


aus 
Austenit 
Aktivitatsmessungen 
Wird di 


so erhalt 


und Ferrits 
von R. P. 
bgeleitet ,15 


Null 


gewichtstemperatul 


Differenz 4 


gleich cesetzt. man die wahre. Gleich- 


ohne Entmischung) zwischen 
liegt nahezu unabhangig vom 

gemessenen Martensit- 
die Nadelbildung 
man, dieser 


Mol 


SOTOSS die 


den beiden Phasen. Sie 


C-Gehalt 220 liber der 


bei der gerade 


temperatur 


beginnt. Damit findet dass bei eine 


Energie von 290 cal je Zul 


Nach (1) 


Verzerrungsenergie ¢ é c 


chemische freie 


Verfiigung steht muss ebenso 
Da die bisheri- 


cal 


hierfiir 


sein. 


gen Berechnungen dieser Grédsse nur 60—S80 


ergaben, wurden neue, genauere Formeln 


aufgestellt. 


deren Energie nicht 
Wenn 
stark verschieden sind, ist der im 


Anteil 


klein gegentiber dem in der Matrix. 


der Matrix und im Keim, 


vernachlassigt werden kann. die elastischen 

Konstanten nicht 

Keim steckende der elastischen Energie e,, 

Daher wurde der 
erstere vernachlassigt. 

Somit sind die elastischen Spannungen zu berechnen, 

] 


die dadurch entstehen. dass die Matrix an der Grenz- 


flache diejenige Verschiebung erfaihrt, durch welche 
die Atome des Austenits in die Lagen des Martensits 
Es handelt sich 
der ersten Randwertaufgabe der Elastizititstheorie, 
der die Oberfliche 
eines Bereichs gegeben, die in seinem Innern gesucht 
Wenn 


Energie 


gerickt werden. also um die Lésung 


hei Verschiebungen s(r) an der 


sind. die s gefunden sind, lasst sich die 


elastische entweder als Oberflichenintegral 


A df (1) 


Kraftdichte der Krafte an der 


als 


(wo A die Ausseren 
Oberflache 


elastische Energiedichte W 


ist) oder Volumintegral itiber die 


{W(r) dr (2) 
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berechnen. Das hier einzusetzende s ist nach 
Fig. 3 dargestellt. Die Martensitplatten werden 
niherungsweise als Rotationsellipsoide mit dem 
Achsenverhaltnis c/a betrachtet, so dass das Problem 
in elliptischen Koordinaten zu behandeln ist. 
Bekanntlich lasst sich jedes regulire Verschie- 
bungsfeld durch Entwicklung nach einem abgesch- 
lossenen Funktionensystem anniahern. Sie konver- 
giert gut, wenn man dazu Lamé’sche Produkte 
verwendet, die Lésungen der Potentialgleichung 
in elliptischen Koordinaten sind. Die Koeffizienten 
der Reihenentwicklung s Sas. werden aus dem 
Minimalprinzip bestimmt, nach dem die richtigen 
den obenerwaihnten Randbedingungen geniigen 


> 


otential 


ausserdem das elastische |] 
dr {sM dr 'sA df 

zu einem Minimum machen miissen (dabei ist chi 
Dichte der Volumkrifte). Hier wurden nur die ersten 
Glieder der Reihenentwicklung beniitzt, mit denen 
sich die Randbedingungen genau erfiillen liessen 
Mit dieser Niherung™’® erhielt man dann fiir d 
Integral (1), bezogen auf die Volumeinheit Martensit. 
den numerischen Wert: 


6.04 107 eal em? 


Andererseits ergab das Volumintegral (2) den Wert 


5.06 - 107 cal/em? 
ad 

Wenn die elastizitatstheoretische Rechnung gen 
durchgefiihrt wiirde, miissten die beiden Integrale 
den gleichen Zahlenwert haben. In Anbetracht de 
cuten Ubereinstimmung wurden héhere Niherungen 
nicht gerechnet. Da bei diesen die Energie stets 
kleiner wird, wurde der kleinere der beiden Energie 
werte fiir das weitere beniitzt. 

Die Grenzflaichenenergie wurde in bekannter Weise 
als die Energie einer Reihe von Versetzungen 
berechnet. In der Formel 

E/F By, WO 5 In 

wurde die Konstante #£, aus den Messungen det 
Grenzenergie zwischen x- und y-Fe von Van Vlach‘*® 
entnommen und 1/12 gesetzt Dann erhalt 
man fiir #/F einen Wert von 100 erg/em? 14-10 
cal/em?. Dagegen wiirde eine absolute Berechnung 
von £, nach Read und Shockley einen wesentlich 
ordsseren Wert ergeben. 

Insgesamt erhalt man also fiir die Verzerrungs- 
energie je Mol Martensit 

a 
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1) Diek aes >) ( pratl miertel 
Kel der Ri [= t etwa 20 - 10-8 en 
[hr entspricht ¢in a on et LO~° 
elnel Wert den ente ( t 
Verschiebung in der (I10) di 
man naherungsweise als y mit d 
inkel 1/3 auftassen kann. Dann ist d elle 
ort 
of./dv, einer die die O 
spannung | Dabei gilt 
f 
-1,4-10-6 cal 
p bei der Umwandlung bei ein 


ACTA 


AM 1 
-VEAE 


4 
cal T (a) 
cm? 


b 40 


fiir f, cal/Mol 


IS Kg/em?. 


Zahlenmiassig erhalt man 5.9 
emKg/cem® einen Wert 7 

Diese Schubspannung ist nach 3 dieselbe, die die 
der Wanderung in das 
Austenitgitter hinein antreibt. Nun hat Burkhard”) 


zahlenmissig die Diimpfung einer wandernden Ver- 


Schraubenversetzungen bei 


setzung durch die von ihr ausgestrahlten Schallwellen 
und damit auch die Wanderungsgeschwindigkeit als 
Funktion der Schubspannung ausgerechnet. In Fig. 9 
ist die aus Fig. 8 berechnete freie Energieinderung 
und Schubspannung als Funktion der Plattengrdsse 
aufgetragen, in Fig. 10 die damit berechnete Zunahme 
der Plattengrésse a in der Zeiteinheit. 

Nach den mikroskopischen Beobachtungen wachst 
die Platte so lange, bis ihre Enden an andere Platten, 
oder an Korngrenzen anstossen (bezw. in den Bereich 
von deren Spannungsfelder kommen). In Fig 9 und 
10 ist Wert a LO-? em 


Weil aber bis dahin die Verzerrungsenergie minimal 


hierfiir ein angenommen. 


war. steht auch fiir die Vergrésserung der Plattendicke 
Wahrend 


dieses zweiten Vorgangs wird aber die Verzerrungs- 


c allein noch freie Energie zur Verfiigung. 


energie je Mol nicht mehr, wie beim ersten, abnehmen, 
sondern stets zunehmen, so dass sie schliesslich die 
chemische Energie kompensiert und das Wachstum 
iufhért. Die Wachstum 


berechnete Geschwindigkeit ist in Fig. 10 eingetragen. 


danach fiir das von ¢ 


Die bei dem oben angenommenen Endwert von a zu 


berechnende Enddicke ergibt sich ohne weitere 
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etwa 10-% cm, ein Wert, der den 


Befunden gut entspricht. 


Annahmen zu 
mikroskopischen Durch 
Integration tiber die Geschwindigkeitskurve Fig. 10 
erhalt man die Zeitdauer fiir die Bildung einer Nadel 
sec, wahrend nach Forster und Scheil'?) 
Zeiten 5- 10-8 
bis 5+ 10-7 see experimentell beobachtet wurden. 
Die 
Umwandlungswirme uw f 
kleinen Zeiten 
verursacht also eine Temperaturerhéhung A7’ des 
Martensits. Die zur Verfiigung stehende freie Energie 
wird dadurch Betrag 7'As’ 
As’ die mittlere, infolge der Temperaturerhéhung 


zu 5-10-5 


sowie Bunshaw und von 


wihrend des Plattenwachstums freiwerdende 


wird innerhall dieser 


nur zum geringste Teil abgefiihrt, 


um den verringert, wo 


eintretende Zunahme der Entropie ist. Man berechnet 


fir AT einen Wert von etwa 100°, damit wird 


Spezifische Warme) 


TAs’ 70 cal/Mol. Betrag 


wurde von der treibenden Kraft in Fig. 9 abgezogen. 


und die Grdésse Dieser 

Jedoch ist zu betonen, dass diese Warmeentwick- 
lung und ihre Folgen erst im Verlauf des Nadelwach- 
stums eintreten, also auf die Martensittemperatur, 
d.h. auf den Beginn des Wachstums mit sehr kleiner 
Wegen 


Verzer- 


Geschwindigkeit keinen Einfluss haben. 


der ausserordentlich starken Abnahme der 
rungsenergie je Mol beim Nadelwachstum nach Fig. 8 
steht ja auch bei konstanter Temperatur sehr bald 
nach Beginn des Vorgangs eine grosse freie Energie 
cdlie 
windigkeit zur Folge hat, wahrend die kleine Gesch- 
Anfang 


Serechnung der Martensittemperatur ent- 


zur Verfiigung, die beobachtete grosse Gesch- 


windigkeit am des Nadelwachstums, die 
fiir die 
scheidend ist, nicht beobachtbar ist. 

Mit 


Praparats muss grundsiatzlich, wie stets in solchen 


erhohter Abkihlungsgeschwindigkeit des 
Fallen, zwar nicht die Lage, aber die Schirfe des bei 
der Martensittemperatur zu beobachtenden Knicks 
in den Kurven der Magnetisierung usw. abnehmen, 


so dass er schliesslich nicht mehr erfassbar ist und 
statt 


aufgenommen wird, dessen Lage sich selbstverstiénd- 


dessen das Geschwindigkeitsmaximum allein 


lich mit der Abkiihlungsgeschwindigkeit verschiebt. 

Beim Abkiihlen Martensittemperatur 
vergrossert sich die chemische freie Energie, daher 
Nadeln gebildet 


infolge 


unter die 


konnen nunmehr weitere werden, 


deren Verzerrungsenergie ungiinstiger Lage 


ihrer Keime grosser ist. Ausserdem kénnen die schon 


Nadeln 


von Kurdjumow und Khandros'?”) beobachtet wurde. 


vorhandenen in der Dicke wachsen, wie es 


T T 
600 
400 
20 
200 
Fic. 9. 
Ag’ u—f T 4+ AT 
n 
1 i 
— 
Sec 
| 
da ac 
s = =f(c)-= 
Vg f(a) oT 
2.105 
1105 
Fic. 10. 
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BEITRAGE ZU EINER THEORIE DER PLASTISCHEN DRAHTDEHNUNG* 


HORST 


g eines Drahtes pre 
etzun 

Es sind verse 
Abhangigkeit ve 


annte 


Tay 


THEORY 


NE THEORII 


EINLEITUNG 
Drahtdehnung 


rat sche Theorie dei 


h von der bisher tiblichen statistischen 
10) in die 


von Orowan 


eingefiihrte Kerb- 


dah der 
Becke1 


liber den soge- 


\ erainderlich 


nomalien betrachtet wird. was u. a. 


S. 64/65) vorschlug. Bau- 
welcher 
Wande- 
seitige Beeinflussungen etc. von solchen 
von Abschnitt 4 


beim weiteren Ausbau in die 


Gitter, von 


(ue 


im 
vusgehen kann 


L\usnahme nicht be- 


s1e 


Vielmehi 
det 


soll eine erste mathe- 


schon mehrfach nieder- 


gsneubildungen 


OF 


LIPPMANN? 


yportional der Zahl neugebildeter Versetzungen 
hat stati 


Wahr 


sollen. 


1 untersuchen. Seit Beck« sich eine 

hiedene Funktionen bekannt, welche die 


darstel 
if 


angelegten Spannung 


verschieden. Hierar 


mn der 


n des Gitters wird eine 


qualitativ 
a 


de quantitativ und 


2) fiir dic ul 


spontane Formel 


mel 
anrst he 
Verfestig 


nicnkeit 


lor’ sche 


PLASTIC STRAIN 


he propo! 


IN PLASTIQUE DES FILS 


selecten Thesen (Engelhardt'?)) unter Beriicksichti- 
gung experimenteller Ergebnisse folgen. 
Wir formulieren explizite unsere Voraussetzungen. 
1. Die Dehnung des Metalldrahtes ist proportional 


der Anzahl Versetzungen. 


Wirkt 


a. 


der neugebildeten 


Anomalie die effektive Kraft 
Wahrscheinlichkeit 
Gleitsprunges in der Zeiteinheit gegeben durch 
fir 


O und w(a) 


an einer 
wird die eines 


a 


eine bei gewissem endlichen a G 


stetige Funktion w(a) mit w(0) 


wachst eigentlich monoton 


Wir 


Formen der Becker’schen Gleichung 


der speziellen 
ab. 


also von irgendeinet 


sehen 
die ohnehin 


nicht zwingend hergeleitet sind, und versuchen am 


Ende dieser Abhandlung, w(a) aus den Experimenten 


zu bestimmen. w(Q) 0 rihrt daher, daB nur im 


Sinne der Spannung gerichtete Spriinge als wesentlich 


angesehen werden. Die Monotonie von w ist plausibel. 


S n die plastische Dehnuw 
Krist vitter, so muB man Vers 
hkeit emes Gleitsprunges 
Diese Wahrscheinlichkeit ist aber an verschiedenen Sell 
Theorie aufgebaut e es gestattet, experimentelle Beful 
' tig beschreiben. Wesentliche Ergebnisse sind Fo1 
1] as Kriechen. Als ue Form der genaaen vird (25) vorgeschlagen. 
| ( ul im Vergleich Abschnitt 4 iiber die iil ingstheorie aufgenommen. 
CONTRIBUTIONS TO A OF WIRES 
| t of a wire to to the umber of newly-formed 
the rvs a the generation of adisiocations mus be studied | e Becker, a 
stat | bee is Dif t functions are known, which represent the probability of a glide 
: t on the applied stress. This probability is, however, different in different regions of the 
Ther 1 a ms heor established, which pe ts s to deseribe expel ental 
Essential results are equation (2) for the spontaneous 
11) for ¢ ra r. As a new form of the above probability, equation 
25 : I | : ragraph 4 on 7 lor’s theory o ork-hardening 1s presented for 
CONTRIBUTION A DE L>ELONGAT 
Wes Su tion plastl l¢ est. proportio e au nombre lis 
ement es dans le réseau cristallin, il est nécessaire tetudier ta for les 
4 
proba | pas de glisse ent dénendant d a tension applig e. Cette proba ; 
t wv; al flerentes regions du reseau. 
P a et e theort 1i nous permet d’interpréter les observations experim«s tales 
25) est propos comme une forme nouvelle de la probabilité déja mentionneés 
| s. le paragraphe IV relatif a la théorie de Taylor sur l’écrouissage permet detablir une 
Die Engelh 
interscheidet si 
\utfassung dad 
Becker’sche Gleichun 
annten Ban 
ereits Koche 
nei 
rungen. gegen we) 
yeraden mit 
trachtet. Man kann =» Di 
Theorie einbezieher 
Fors stitut ir bildsame kor der Metalle, 
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Ein endliches a mit w(a) | (iibrigens auch in der 


Becker’schen und Vitovee’schen (Vitovec“2)) Form) 


erklart zwanglos die bislang umstrittene spontane 


Dehnung (vgl. etwa Kochendorfer,’® 8.36; Andrade, 


Kuhlmann,‘® Miiller’® %) mittels der zusiatzlichen 


Annahme: 
findet 


von 


3. Par o a ein sofortiger Gleitsprung 


unabhangig Warmeschwingungen statt. 
Wir beachten, daB w(a) in 2 proportional der GréBe 
Zeiteinheit ist, a 


Durch die Forderung, a von 


der nach 3 davon jedoch nicht 


soll gleich 
fest- 


abhianet. 


dem von 3 sein, wird daher der Zeitmabstab 


gelegt. a bedeutet eine “‘kritische Spannung.”’ 
Den Zusammenhang mit der von auBen wirkenden 
Spannung 7 gibt der jetzt als variabel angesehene 
Orowan’sche Faktor q: 
4. Zieht am 
die effektiv 


Kraft o zu 


Draht die Spannung 7, so errechnet 


sich an der Anomalie angreifende 


(1) 
mit von Anomalie zu Anomalie veranderlichem q. 
Wir 


hardt’sche 


werden aus den Experimenten die Engel- 


gauls- 
Bildung 


Anomalien 


Annahme_ rechtfertigen, q sei 
SchlieBlich 


oder der 


verteilt. sehen wir von der 


neuer Regenerierung§ alter 


wiahrend des Versuches ab: 
5. An jeder Anomalie findet héchstens ein Gleit- 
statt. Es sich wahrend des 


sprung bilden 


Versuches keine neuen Anomalien. 


Charakteristisch fiir die betrachtete Theorie sind 


eigentlich allein Voraussetzung 2, 3, 4, wihrend | und 

5 vorlaiufig der mathematischen Vereinfachung dienen 

Nur zum Zwecke eines Vergleiches schranken wir 5 in 

Abschnitt 4 ein. 
1. DIE SPONTANE DEHNUNG y(t) 

Zieht am Draht die Spannung 7, so findet nach den 
Voraussetzungen 3 und 4 sofortiger Gleitsprung ft 
alle Anomalien mit o qT a statt. Die Grodben 
verteilung von q iiber die Werte von 0 bis © sei durch 


Zahl det 


durch 


die Dichtefunktion f(a) gegeben, also die 


Anomalien mit im_ wesentlichen 


Nach Voraussetzung | ist diesem die sich 


(x) dx. 


ergebende “‘spontane Dehnung” y(t) proportional 


f(a) da. 


Umegekehrt folat 


Ist also y(r) bekannt, so kann daraus f(x) berechnet 
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werden \ bestimmt. sich Normierungs 


forderung ) o1eicnt det moglichen 


ch Vol 


Versetzung n 


Gesamtdehnung, die na 5 dann eintritt. wenn 


an allen Anomalien entstanden sind 


\ 


Weite eine Versetzung 
als Zahl der Anomalien 
folglich in der Gri 


eines Atomabstandes im Metallgitt« 


wo c etwa als mittlere 


Henordnung 


deutbar ist. c liegt 

Bestimmt Dehnun 
Drahtes in 
Zeit ¢t, so 


intervall zwischen 5 und 900 sec 


man expe rimentell die 
Abhangig 


hnahe 


1 
von 


gvenugt diese 


t 


mit « 3 und einer nur von 


senden Funktion (C(t) Kuhin 


R | 
vulCh 


OSKUPV ¢ 


VT) errechnet sich demnach durcl 


langern der experimentellen Dehnuw 


enipiris hen t*-Ges 
ch Miiller™ 


(5) bist QO, ist somit vom 
T) besitzt da n 


Bild 1 


relatiy 


abhangig 


Kupfer den in dargest 


Verlauf. 


cdessen starkel 


mm? schraffiert ist 

metalle bedingen lediglich ein 

der Ordinatenachse 
Die ausge 

cut an. Wesentliche Abweichi 

fiir sehr hohe Spannungen 


Verl 


verursacht werden 


Kurve pa 


tisch durch tzung der \ 
Jene 


Gleichung (2) mit 


Bedeu 
zudriuckel 
hundd 
Etwa fiu 
kubiseh 
Kurven 
unters¢ 


hbedeutet Gaubverteil 


1] 
Engelhardt wegen 


\uftretens 


] 
Einklang mit 


von 
Zugten 


priori 


sich hier Im 


A c-N 
Dir. ft C'(r)-f VT ») 
n Mii 
eT? 
= 
dabei wird ungetahr a: / LS r 
CLilt i/ i 
nient Tre | 
Vor. 2 ein Mast stestieg 
IST du ! \I st 
Nach \ 
tmarten Met 
E 
| d ad 
f (a) ). (3 Nat 


ACTA 


Dehnung 
bh 


Ww 


Spontane 


10 15 20 2s 
Spannung ka/mm* 


bhangigkeit der spontanen Dehnung 
imentell fiir kleine 
bereich 


tisen. 


sSpannungen, 


fiir groBe Spannungen. 


2. DIE KRIECHDEHNUNG dt, ft) 


Durch spontane Dehnung baut sich unsere Anfangs- 
verteilung (6) so ab, daB alle Anomalien mit q alr 


ausscheiden. Sie gewinnt die Form 


fiir x 


Integrale von 0 bis deren Integrand [(0, x) als 
Faktor enthalt. k6nnen dann als Integrale von O bis 
alr. also tuber ein endliches Intervall, geschrieben 
Voraussetzung sind die 
Abschnittes 2 
beliebige stetige Funktionen f(0, 2) giiltig. 

die 


Kriechens dar: d.h. in unserem Falle 


werden. Unter der letzten 


folaenden Entwicklungen des fiir 


Stellt Zahl der Anomalien zu Beginn des 


f(x) dx: (S) 


so betrachten wir Funktion 
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g(O, x) N(0) - f(0, 2). Sie bedeutet anschaulich den 
‘Berg’ der Anomalien iiber den Werten von qg, wo 
jede Anomalie durch die Flacheneinheit reprasentiert 


Der Berg verringert sich und besitzt zur Zeit t 


wird. 
ajr 
die Gestalt g(t, 2); N(#) g(t,x)dx ist die Anoma- 

lienzahl zur Zeit ¢. g(t, 2) wird fiir jedes feste a als 
stetig differenzierbar nach ¢ vorausgesetzt. 

Die relative Abnahme der Anomalien mit # <q < y 
Wachstums 


wrx), nicht gréBer als aw TY): 


ist wegen des von w nicht kleiner als 


| g(t, x) da| 
Ot Jr 


el 


w(Ty); 


g(t, x) dx 


und da wegen Voraussetzung 5 — g < 0, folgt fiir y 
ot 


g(t, x) - 


oder g(O, x) 


was fiir das einfachste Beispiel w(c) 


a T h l Riicksicht auf Dimensionen) 
in Bild 2 dargestellt ist. 

Die 
nach 


Abschnitt 1 gleich 


(ohne 


Kriechdehnung ist bei konstantem 


Vorausdetzung | mit der Konstanten A von 


d(r, t) (g(Q, x) g(t, x)) dx, (10) 


folglich unter der in Abschnitt 


gebrauchten Anfangsverteilung f(z) 


Benutzung 


d(r, t) A | f(x) dx f(a won) de) (11) 


Dies stellt einen wohlbestimmten funktionalen Ablauf 
falls 


eingesetzt 


dar, w(o) bekannt ist und f(x) etwa nach (6) 


wird. Lucas und Liicke'” gaben in etwas 


anderem Zusammenhange und unter’ spezielleren 


Voraussetzungen einen sehr ahnlichen an, leiteten ihn 
jedoch nicht tiberzeugend her. Ein zu (9) ahnlicher 
und entsprechend errechneter Ausdruck findet sich 
bei Cottrell® die dortigen Literatur- 


(vel. auch 


hinweise). 
3. DISKUSSION DER DEHNUNGSKURVEN 
Es kann bereits die alloemeine Form (11) diskutiert 


werden. Fir feste a4uBere Spannung 7 entsteht eine 
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monoton wachsende Kurve ohne Wendepunkt, deren (t,x) 
Tangente sich jedoch immer mehr der Waagerechten t 


nihert. Das folot wegen 


d 
ot 


1 
A | wf tu dx 0) 


WOW 


02999090000 


und erklart die sogenannte “‘Verfestigung.” O01 0D 03 0405 OB OT OB OD 
ABB. 2. Beispiel fiir den Abbau des A 


mak Forme 9 


lich strebt sie asymptotisch dem Werte A fdxzu, 


wie es schematisch Abbildung 3 darstellt. é 
Wis stums alle Stellen o mit w’(o) 0 Wendepunkt 
Fiir wachsendes 7 wird der Endwert kleiner. Dies ; 
‘ sind w ist daher bei O nach unten konvex es oilt 
ist nach Vor. 5 klar: Fiir grdBeres 7 vollzieht sich ein 
orOBerer Teil der mdodglichen Gesamtdehnung A fir O daher w’(oc) 
spontan; fiir das Kriechen bleibt nur noch der dann 
kleinere Rest. 


Die Aenderung der Anfangstangente 
T 
) 


w(rax) f(a) dx | | 


xo 
wenn man w —w beachtet, partiell integriert 


Or T OX 

und dann (6) f’(2) 2h2xf(x) einsetzt. 
w wird dabei als stetig differenzierbar angenommen 
Wir behaupten: 

Fiir kleine + und beliebige fiir o 0 wendepunkt- 

freie Funktionen w(a) wachst die Anfangstangente 

des Kriechens mit der Spannung. 
Das gilt somit fiir alle “‘verniinftigen” w (z.B. 0 strebt 
7": aber auch fiir die von Becke 
Vitovec, etc. angegebenen Formen) und ist in Bild 3 fiir jedes + eindeutig 
schematisch dargestellt. Beide dortigen Kurven 


schneiden sich notwendig an genau einer Stelle 


weil sie verschiedenen Grenzwerten zustreben und 
keine Wendepunkte besitzen. Zum Beweis unter- 


scheiden wir zwei Fille: 


Jo 


lr 


mw Tx) f ( x) dix 


(0) xf (x) dx 


fir OI: w’(0) (). 


7 


2. w'(0) 0. Dann mub w’'(o) 0 fiir das ganze 


Intervall O a gelten, weil wegen des Wach- 
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*alr (=U 
t 
0 
ot 
| 
Aj r(1 — 2h2x2) f(x) da 
TX 
} I(r. t 
errechnet sich nach (11) zu - 
ale 
| | | 1) 
Mr) = Ay 
4 { (alr | 
9 9 Vi l) fla la 
Qn ¢ L) f(a) da, 12 | 
T JO 
wig) 
en 
fur komplexe erk t 
4 7 =T. 
20 
AspB. 3. Schematische Darst« ing de Del ing 


ACTA 


und in eine bestindig konvergente 


nach f entwickelbar. Denn es oilt 

dx: 
ilso konvergiert das te Restelied de Taylor- 
entwicklung 
R 
fiir jedes feste ¢ gegen 0. 
Wir vergleichen diese Ergebnisse mit der experi- 
und. finden, 
Theorie 


Denn sie ist 


mentellen Formel (5): d(7r, t) Cir) -t 
der hier dargelegten 


cultig sein kann 


dab sie im Rahmen 
niherungsweise 
unbe- 


analytisch um ¢ = 0, zweitens 


t. Immerhin kénnen wir aus dem 
Wachstum 
las Wachstum von C(r) mit 7 fin 

Das Bild 3 
verschiedenen 7 gehorigen Kurven ist noch 
Abgesehen dab 
Anomalien und 


Voraussetzungen 1-5 


orobe 


theoretischen der Anfangstangente auf 
Krafte 


Schneiden 


kleine 


dann nach notige 


eler Zu 


ht heobachtet worden davon. 


unsere 


regenerieren 


den aut- 


te Theorie nur fiir beschrainkte ¢ anwendbar 


inn dies dadurch bedingt sein, daB fiir kleine 7 


Kurven weit nach rechts 


Lu } det bisherigen 


4. DIE TAYLOR’SCHE HYPOTHESE 
Wu 


Gedankenginge 


verlassen voriibergehend unsere bisherigen 


und wenden uns den Taylor’schen 
zu. um Vergleichsméglichkeiten zu gewinnen. 

Wir 
der Zahl 


jedoch allen Quellen die gleiche 


setzen wie bisher die Dehnung proportional 


der neugebildeten Versetzungen. raumen 


sildungschance ein 


METALLURGICA, 


Potenzreihe 


MeBbereiche 


VOL. 4, 1956 
(was konstantes g bedeutet) und erkliren die Ver- 
folet: Jede 


das umliegende Atomgitter, solange sie 


festigung wie Versetzung verspannt 


noch nicht 
behindert daher eine Bildung weiterer 


Nahe. 


Kochendorfer™?) zuriick. 


aufgelést ist: 


Versetzungen in ihrer Dieses geht auf 


Taylor” (vgl. 


Wir stellen uns ein einfaches Modell vor: NN sei die 
Zahl simtlicher etwa gleichmabig im Gitter verteilter 
Quellen; v, die 


scheinlichkeit einer Versetzung: 


konstante) Bildungswahr- 
Vy die fiir alle Verset- 
Wir 


nehmen ferner an, jede gebildete Versetzung behindere 


(iiberall 
zungen konstante Aufl6sungswahrscheinlichkeit. 
ihre eigene Quelle sowie g 1 umliegende an der 
Versetzungsneubildung. SchlieBlich seien alle unbe- 
hinderten Quellen zur Versetzungsbildung und alle 
Versetzungen gleich- 


bestehenden zur 


berechtigt—das letzte, weil die Fortpflanzungszeit der 


Versetzungslinie vernachlassigbar ist K ochendor- 
ff). 


Zeitintervall zwischen ¢ und f¢ 


fer §. p(t, dt) Versetzungen médgen sich im 
dt neubilden. Dann 
ist 
p dt) 
p(t) lim (13) 
dt l 


-) 


deren Bildungsgeschwindigkeit Wit) bezeichne die 
Zahl der zur Zeit t: W N. 
sind gW(t) Quellen behindert*; NV 
damit mit v 


Versetzungen Dann 


gW(t) frei und 


NV — gW(t)) dt zur Bildung pradestiniert: 


p t) N 


qgW(t)). (14) 


Da sich das v,dt-fache aller zur Zeit ¢ bestehenden 


Versetzungen zur Zeit ¢ dt aufgelést hat: 


dt) (Wit) p(t) dt); 


oder wegen 14) 


der Normierung integriert 


(15) 


dem Grenzwert zu. Die Draht- 
gi 


qvy 2 
dehnungsgeschwindigkeit ist proportional (14): 


und strebt 


y(t) 


| 

16) 
Verlauf. fiir 


t gezeichnet ist. Das anfangliche 


Bild 


parabe lformige 


welcher = gv, =v, =1 in 


* Wegen WV N kann namlich 
der behinderten zonen abge 


von einer iuberschneidung 


sehen werden. 
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2} 
y(t) 
tt 
y(t) 
1 
ABB. 4. 
y(t) =t + — 
ils Beispiel einer Kriechkurve nach der Taylor’schen Hypo 
these mit ihre As tate 
sci 
v,Wit 
schlic W’(t) + (gv, + — = 0 
nv ‘it 
Nr, 
flgich qv + 
cl der 
Cp 
rif 
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Steigen entspricht wegen seiner Flachheit keineswegs hérige Umkehrfunktion, 
dem C - t*-Gesetz: doch ist der (durch das erste Glied 
in (16) bedingte) Uebergang in eine Gerade parallel zu 

= t) experimentell gelaufig.* 
qv 
qv 2 
Es wird moglich sein (und im niéchsten Abschnitt 
versucht werden), durch passende Wahl der Wahr- 


Theor die Beziehung 
ri¢ 


scheinlichkeit w(a) in der Engelhardt’schen 
den Anfangsverlauf des Kriechens richtig zu gewinnen 
Fir den weiteren Verlauf sind nach obigem Taylor’sche 
Auffassungen geeignet, so eine Iwoppelun r beide 

Ideenkreise gerer htfertict scheint. Das bedeutet 


Modifikation von Voraussetzung 5. Man muB dariibei 


hinaus eine Neubildung von Quellen Anomatlien 


in Betracht ziehen, wie sie auf Grund der Frank 
Read’schen Theorie beispielsweise von van Bueren 
errechnet wurde. 

Uebrigens liefern bereits schwichere Vorausset 
zungen, als sie zu Anfang dieses Abschnittes gemacht 
wurden, gleiche Resultate. Dies danke ich Herrn 
cand. phys. K. Miiller. Spannungsabhingigkeit det 
Vorgiinge wurde hiet aube acht cvelassen Vo, clie 
Formeln (14), (15), (16), ete. sind also mit konstante1 
Spannung zu verstehen 


Wir kehren zu unseren Voraussetzungen 1|—5 zuriick. 


5. DIE WAHRSCHEINLICHKEIT w(o) 

Obgleich die Becker’sche und Vitovee’sche Form 
von w(a) nach Abschnitt 3 qualitativ richtige Kurven 
liefert, zeigt ein quantitativer Vergleich mit dem 
Experiment schlechte Uebereinstimmung. In beiden 
Fallen nahern sich die zugehérigen Dehnungskurven 
zu rasch ihrem Grenzwert, wenn sie durch passende 
Wahl der freien Konstanten wenigstens richtige 
Anfangsverlaufe aufweisen. Daher wahlen wir den 
umgekehrten Weg, nehmen die experimentellen 
Kurven als gegeben an und versuchen, daraus w(o 
zu bestimmen. Leider sind jene nur auf begrenztem 


Zeitintervall gemessen worden, und die Forme] 
d(r, t) 17 


kann nach Abschnitt 3 tiber dasselbe hinaus nicht 
giiltig sein. Darin liegt die Hauptfehlerquelle det 
folaenden Ueberlegungen, welche dennoch Bedeutung 
haben, als sie eine Methode demonstrieren. Auberdem 
sewinnen wir ein von vornherein nicht unmdgliches 
Er gebnis. 


Ist wo) stetig differenzierbar und u 


Vel. Cottrell™; insbes. entspricht 


unserer Formel (16), wenn deren zweiter " 
ersetet wird. 


NG 
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toilet tur test nach 
(t) =| f(x) da 
{ 
g(t) =| 
| 
ils lineare Integralel ing 1. Art / \ 
yewinnt mal l ( () ) () 
nach Voraussetzung 2 
y(z) 
j 
| () 
nacl ( vuflosb 
Die Hauptaufgabe liegt in der Be 
19 Wir such e bei Inte ( 
A 
; | | 
ist y sofort als komplexe 1] erreihe 
fia 
QO seu Abschnitt 3 
Dehnungsform«s l7) u \\ 
ven uns mit ell Nahe C l 1) 
( 
kann fi n nd exp 
hinaus beschi \\ enutz 
17). Sie muB nach (11) fii 1 | 
streben VO! ll 
dic zuge | 
Term durch | one 
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folet, welche Funktion ebenfalls beschrankt ist. 


Dennoch kann sie keiner Gleichung (19) geniigen*; 
¢ praktisch nicht unter- 


wohl aber k6énnen das gewisse Funktionen 


die sich von g(t) fiir reelle 
Leider sind uns 


scheiden. die g,(t) nicht bekannt. 


Vereinbaren wir jedoch, in (21) naherungsweise nur 


die Glieder n (), 1 zu beriicksichtigen, fiir die 
2zin in der Gaubischen Zahlenebene nahe der reellen 
Achse liegt. so werden sich auch g(277in) und (277in) 
wenig unterscheiden, weshalb wir die Rechnung mit 
g selbst durchfiihren. 

Zuniichst 


erklart 


komplexe ¢ eindeutig 
bloB Ret QO. Mit 
(iA 2kmi): k 
a)" s*exp (ind 
soll (¢ s)” 


(22) fiir 


werden: wir bendtigen 
s>0O sei t 
2kazt). 
Fir ¢ reell, reell werden. Daraus 
folet kz 


fiir imaginare f: 


m ganzzahlig. Als Grenzwert ergibt sich 


t exp| =}, wenn 


COS 2 


Hier bedeutet 


21) 


umgeformt, ergibt 


mittels exp 


) 


> <7 2min)| cos 


Z7rin)| SIN 


23) folet 


r) da 


Daher 


COS 


* Die Durchfiihrung 
aligemeiner Betrachtungen wird unterdriickt. 


mathematische dieser und folgender 
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was, von 0 bis x integriert, nach (18) 


f(x) dx 


ajr 


f(x) 


9x {SIN 27rna 


sin 
cos | 27nx 


» 
Tit 


liefert. Wir beschrinken uns nunmehr auf das Glied 


mit 7 Hier wird x . 4,| sehr klein. Nehmen 


wir ferner noch kleine x, so kann cos| 72x 


1 gesetzt werden, weil der cos bei O in erster 


Naherung konstant ist. Fir kleine x setzen wir 


ferner den sin gleich dem Argument und haben, wenn 


wir x w(o) substituieren: 


const.) 


dem GauBschen Fehlerintegral fiir 


(24) ist 
Dies k6nnen wir den Vernachlassigungen zuschreiben. 


proportional 


kleine o. In wio) noch von 7 abhangig. 


Offenbar geniigt (25) den in Abschnitt 3 gestellten 


Forderungen, so daB Dehnungsverliufe gemaB Bild 3 


sicher sind. Genauer erhielten wir, wenn wir fi 


fiir kleine + vernachlissigen, 


exp 


1/h?, 


h(t) ~ 


weil die Exponentialfunktion im Ziéahler | und 


T h. Mit C 


fiir kleine r: 


gibt dies naiherungsweise 


‘(t) ~ h(t) 


(26) 


Doch entnehmen wir diesem noch einmal das 


monotone Wachsen von 


nur 
Den im einzelnen richtigen 
Verlauf konnen wir auf Grund der Vernachliassigungen 
nicht erwarten. 

Der 


bildsame 


Verfasser dankt dem Forschungsinstitut fiir 
fiir die 
Unter- 
suchungen sowie die Genehmigung zur Verd6ffent- 


Direktor, 


Formung der Metalle in Zwickau 


Gelegenheit zur Durchfiihrung vorliegender 


lichung derselben; ferner dessen Herrn 


| 
[ | 
é ax 
g(-L27in) = 1 — K,, exp | | }) 23) Jo 
also 
*B ; 
2am w(o) ~ | e~* dz (B (25) 
0 
Vr 2arn)* A 
195 
2an 
V re (2arn)*/ ° 
| | 
y (2) — 
i [9(27in) — 
2{ 1 cos [ ) 
| f(a da | Dain) Pain) | C(r) 
2K. sin [ 
») 
4 | 
K, —| an} 
») 
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Engelhardt, fiir seine Anregungen. 


Dipl-Ing. W. 
Fordernde Diskussionen mit ihm, Herrn G. Miiller 
und Herrn K. Miller trugen viel zur endgiiltigen Form 


dieser Arbeit bei. 
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A STUDY OF (112) EDGE 


SINGLE 


W. R. HIBBARD 


and 


eement between calculated 


bent single crystals of silicon 


nt ervstals. ( of unlike 


ancellation 


structure and also during 


ations after 


mally activate lip, first rearrangements of 


rearrangements and combinations leading 


growth were obtained. 


UNE ETUDE DES DISLOCATIONS COINS 


Jr. 


measured 
ron. 

dislocations was 
removal of a 
iding and annealing was investigated. 
dislocations 


to polygon growth. 


DISLOCATIONS IN BENT SILICON-IRON 
CRYSTALS* 


and C. G. DUNNT 


dislocation densities for dislocations 


A density of 2 


about 2 0% @ 2 was found for 
observed in detail during removal of a 


The 


Observations included ther- 


cold-worked structure. change in distri- 


into short-range pelygon walls, and later 


Some semi-quantitative data on polygon 


112) SUR DES MONOCRISTAUX 


COURBES DE FER-SILICIUM 


Donne concordance a été obtenue 


sur des monocristaux courbés de fer-silicium. 
J é denviron 2 


L’anmt 


pour les densités de dislocations coin 


112 


calculées et mesurées 


10° em-2 a été trouvée pour des cristaux non courbés. 


ilation des dislocations de signes contraires a été observée en détail pendant l’évolution d’une 


structure polygonisée et d'une structure d’écrouissage. 


Le changement de distribution des dislocations coins apres courbure et revenu a été examiné. 


Les observations comprennent le 


short 


dislocations en parois polygonales 


con lu sant a la croissance poliygones. 


croissance des polygones. 


EINE UNTERSUCHUNG UBER (112 


SILIZIUM-EISEN 


n Einkristalle 


n Versetzungsdichten fiir (112 
Kristalle in ral 


von Vers 


gsstruk 
Kinzelnen verfol 
vurde untersucht. Die Be 


gen in kurz 


Wachstum 


Versetzul 
> Zum 


A number of investigators have developed etch pits 


which appear to correspond satisfactorily to the 


dislocations, and a few 


the 


sites of individual edge 
edge 


The 


present paper gives some quantitative data on the 


investigators have studied density of 


lislocations in plastically bent single crystals. 


density of dislocations as a function of radius of 


curvature of the slip lamellae obtained by plastically 


bending 3} silicon-iron crystals studying 


the density of etch pits: it describes the course of 


slip and of polygonization and it some 


presents 


semi-quantitative data on the kinetics of increase in 


wall spacing following the first stage of polygonization. 


The work reported in the literature on dislocation 


sites will not be summarized, but work on dislocation 


Receive 


General Schenectady, 
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glissement thermiquement active, 


STUFENVERSETZUNGEN IN 
EINKRISTALLEN 


Stufenversetzungen 
iwszustand wurde eine Dichte von ungefah1 


tzunge ntgegengesetzten 


gt. Die Anderung in der 
ybachtungen 
Polygonwandstiicke 
polygonisierten 


halbquantitative Daten 


les premiers réarangements des 


range) et subséquemment les réarangements et combinaisons 


Quelques données semi-quantitatives sont obtenues sur la 


GEBOGENEN 


n aus Silizium-Eisen wurde eine gute Ubereinstimmung zwischen berechneten 


erhalten. 


2 10° gefunden. 


Vorzeichens wurde wahrend des Abbaus einer 


tur id ausserdem bei der Beseitigung einer durch Kaltbearbeitung entstandenen 


Verteilung der Stufenversetzungen nach Biegen 
schlossen ein: thermisch aktiviertes Gleiten, die 


Umordnungen und 


Wachstum 


sowie spatere 


Bereiche fiihren. Uber das 


gewonnen. 


densities produced by plastic bending and the work 
on kinetics is reviewed below. 
Machlin” 


technique and studied the densities of dislocations in 


Hendrickson and used a thermal etch 
crystals of silver bent to various radii of curvature. 
The 
agreement with predicted values based on the formula 
of Cahn"), 


an error in their calculations. 


densities obtained were found to be in good 


This agreement must be weighed against 
because the radius of 
curvature of the slip lamellae (r’) should have been used 
instead of the radius of curvature of the neutral axis 
Another result 


important obtained — by 


Vee rding to the bent sliy 
example, Nve an ume the 


least 


planes (see, 
following relation 


mproxima 


is the angle between the slip plane and the neutral 


where 7 
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Good oO! 
was obtained In 
poly gonization 
bution of edge 
Bei gebogen 4 
"Fir 
Fiir ungeboge 
Poligonisieru 
Struktur 1 
ind Temper 
erste Umordnung det 
holds, at : 
r COS Yo, 
October 6. 1955 
New York, U.S.A — 


HIBBARD anp DUNN: 
Hendrickson and Machlin is a dislocation density of 
about 2 « 106 em-? in original unbent crystals. 
Dunn and Hibbard‘) used an electrolytic etch-pit 
technique on a bent and polygonized single crystal 
of silicon iron, and measured the spacing between 
etch pits (dislocations) along polygon walls and the 
spacing between walls. From these data, the Burgers 
vector, and the orientation of the polygon walls, 
they calculated a radius of bend for the crystal and 
the 
(mathematically this is equivalent to a check of the 


obtained good agreement with actual radius 
Cahn formula). They also found that the spacing of 


dislocations along polygon walls was variable, 
becoming widely spaced as the walls in certain 
instances ended within a crystal. It was suggested 
that the removal of boundaries with open ends might 
occur by migrations of individual dislocations, 
leading to an increase in wall spacing. 

Vogel has studied the distribution of dislocations 
and dislocation densities before and after polygoniza- 
ticn in bent single crystals of germanium. Dislocation 
densities checked the Cahn formula after polygoniza- 
but 


Annealing was shown to reduce the total average 


tion, were too high before polygonization. 
density (the reduction was explained in terms of 
cancellation of unlike dislocations), to produce a more 
uniform distribution of dislocations, and finally to 
align the dislocations into polygon walls. 


Aust and Maddin‘” have obtained data on disloca- 


tion densities in bent and annealed single crystals of 


molybdenum. 

Jacquet’) has followed the course of substructure 
the 
the fully polygonized state in polycrystalline brass 


changes from slightly deformed condition to 


He interprets his results in terms of two kinds of 


subgrains and subgrain boundaries designated as 


primary and secondary. The primary boundaries are 
more stable and of higher angle than the secondary 
boundaries. Instead of boundary movement, he 
the 


Thus, on annealing, the secondary boundaries tend 


considers migration of individual dislocations 


to disappear, while the primary boundaries remain 
more of less unchanged in position. 


Amelinckx’™ has obtained excellent resolution of 


dislocations along both slip planes and polygon walls 
in crystals of rock-salt. He also noted differences in 
etch-pit geometry. 

Forty? has summarized information on the 
identification of dislocations, particularly those of the 
His of the 


dislocation densities points to lower densities than 


screw type. review data on observed 


for example, about 
the 


have been usually predicted; 


for aluminum grown from melt and 


DISLOCATIONS IN 


BENT 


RYSTALS 


Ko (Zit) 


Fic. 1. 


a) showing position of (111 


Onentatior 
b showing dislocations on 


Cc) showing dislocations along polyg 


104 to 10®cm-? for a number of various crystals 


grown from their vapour. The predicted values—fo1 
example, those of 10% to 10° 


Gilman 


has obtained quantitative data on the 
kinetics of polygon growth in bent zine monocrystals 
and also has found that annealing is required to 
initiate polygonization, i.e. polygonization does not 


occur spontaneously at room temperature in bent 
single crystals ot zine 
Dunn and Hibbard”? 


required to initiate poly gonization 1n it silicon 


also found that anneal 
single cry stals The present paper reports this 


in detail. 


EXPERIMENTAL PROCEDURI 


Single crystal specimens in sheet form 
thick, were prepared with one predetermined 
tion” as shown in Fig. l(a). Fig. 1 dep 
position ot positive edge dislocations « xpecter 
crystal is bent about 211 
gliding and slip on the 

the 


if the 


new arrangement 


bent crystal is 
occurs 

All unbent 
1175°C€ in pure dry hydroge n. and 
The 


silicon. O.O01 « 


were inneaied ¢ 


crystals 
given 


chemical analysis at this point us 


0.005 sulfw 


carbon. 0.008 phosphorus 


0.038 manganese, 0.078 nickel, 0.098 copper, 0.008 


tin, and traces of chromium and aluminun 
Bending of crystals to different radii of 
done at room 


Was temperature 


_ 


"ALL 


Fig. 2. (211 211 


radius of curvature. 


surtace of cry stal bent around 
Chrome 


the specimens were greased and pressed between a 
The 


matching block was a cylindrical concave block for 


round steel cylinder and a matching block. 


specimens bent to 25-mm radius of curvature and a 


thick sheet of solder which deformed with the specimens 
for specimens bent to larger radii of curvature. 
Samples for annealing and subsequent examination 
were cut from the bent crystals. Annealing was 
accomplished in an atmosphere of dry hydrogen, 
using a nichrome form which retained the curvature of 
the specimen. After the samples were mounted in 


bakelite, metallographic preparation consisted of 
mechanical polishing followed by electrolytic polishing 
and etching in a chrome-acetic acid bath, as described 


by Morris.‘!4 


RESULTS AND DISCUSSION 

Proof of (O11) Slip 
Lines of etch pits in a bent single crystal observed 
211) plane (Fig. 2) and on a plane tilted about 
$9] the 
slip had occurred on the (O11) plane. 


On a 
the direction 30° to (211) plane showed 
that For 
example, the angle made by each line of etch pits and 
the [49] 
specimen was 45° in 
11] 
second section. Angles expected on the second section 
O11), (132) and 


common slip direction are 49 , 59 


direction normal to the top surface of the 
the first 
slip direction) and 48 


section (i.e., the line 


coincided with the in the 
for 121) planes having [111] as a 
and 65 
respectively; so the agreement is with the (O11) plane 
within experimental error. 

The average distance between dislocations and the 


average distance between slip lines as revealed in 


URGICA, 


axis to a 2.55-cm 


acetic acid electroetch. 
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Fig. 2 are 1.1 w and 2.3 uw respectively. 
The 


of magnitude for the spacing of slip 


latter figure is of the correct order 


bands, which would appear on other 
surfaces of the specimen during defor- 


mation. 


A Statistical Proof That Etch Pits Locate 
Individual Edge Dislocations 


Quantitative Relations in Bent Crystals 
Although Vogel, Pfann, Corey, and 
Vogel™® 


angles 


Thomas,“* and obtained 


agreement between measured 
from X-ray data and those calculated 
from etch-pit spacings along low-angle 
boundaries, which established a one-to- 
one correspondence between dislocation 
a sites and etch pits, there is need for 

further proof, particularly for the edge 
dislocations developed by bend gliding. Dunn and 
Hibbard") confirmed the one-to-one relationship for 
the polygonized structure of a bent and annealed 
single crystal of silicon iron, but it could be argued 
On the 


Hendrickson and 


that this result may have been fortuitous. 


other hand, the method used by 
Machlin,”’ which attempts to correlate dislocation 
density and radius of curvature, should provide data 
for a statistical proof. 

Cahn‘?) 


number of excess dislocations required to satisfy a 


has derived a formula that predicts the 


given geometry of a bent specimen; namely, 
p l br’. 


where pis the number of excess dislocations of one kind 
per unit area normal to the slip plane, 6 is Burgers 
vector, and 7’ is the radius of curvature of the slip 
terms of the radius of curvature r of 


lamellae. In 
the specimen, p is given by (br cos 7,”) 

In the present work, a range of specimen curvatures 
was investigated, but the angle between slip plane and 
the neutral axis 7, was held constant at 45°. The number 
of etch pits observed in one or more areas of 48-cm? 
size on photomicrographs taken at a magnification of 
750 were counted and used to obtain a measured 
dislocation density, assuming each pit to be the site of 
one dislocation. Cahn’s formula, with Burgers vector 
taken as 2.47 


11] 


appear in Table | and Fig. 3. 


10-8 cm for the unit of slip along a 


direction, gave the calculated densities. Results 


Complete agreement between calculated and 


measured densities would appear as a 45° line in the 
plot. Above a density of about 10° em-? the densities 


~*~ 
d 
. 
; 
/ 
<7 
4 


HIBBARD anv DUNN: 
observed in annealed specimens actually do fall close 
to this line; so the conclusion is reached that the etch 
pits correspond to sites of individual dislocations. 

In unbent crystals a density of dislocations of about 
2 10° cm? was counted by the same technique; 
this agrees quite well with results of other workers, 
particularly those of Hendrickson and Machlin™ and 
of Noggle and Koehler.“” 

The higher densities obtained in as-bent specimens 
can be explained in terms of departure from lamellar 
slip, ie. by the generation of both positive and 
negative dislocations during bend gliding.{® During 
annealing, these dislocations come together and cancel 
in pairs, leaving the excess dislocations that satisfy 
Cahn’s formula. The following section will consider 


the cancellation process in greater detail. 


@ 


45° - LINE 


(107 CM) 


oO ANNEALED 
@ AS BENT 


> 
” 
= 
WwW 
WwW 
| 
” 
= 


CALCULATED DENSITY- (br COS (107CM%) 


Fic. 3. 


Plot showing variation of dislocation density 
with amount of bending. 


The Cance llation of Edge Dislocations 
of Opposite Sign 


(a) Removal of a polygonization Structure 


A specimen with identifiable positive and negative 


dislocations was obtained in the following manner. 
First, a single crystal was bent to a radius of curvature 
of 2.55 em and annealed for one hour at 1100°C to 
produce a set of dislocations arranged in polygon walls 
the flattened, 


giving the conditions shown in Fig. 4. 


Secondly, polygonized crystal was 
The widely- 
spaced dark boundaries are the polygon walls that 
have been retained during the flattening operation. 
The other lines 90° to the polygon walls are arrays of 
dislocation with opposite sign lying on slip planes 
that become active during flattening. 

Measurements for dislocations lying on 
A density of 


dislocations of 


slip 


planes gave a density of 3.3 107 em~?. 


2.5 107 em-? was taken for the 


DISLOCATIONS IN 


RYSTALS 


211) surface 


curvature, 


ot ervstal i yun 3 


Fic. 4. 


?.55-em radius of anneatler 


flattened, and electro-etched. 750 


opposite sign lying on the polygonized boundaries 
(see Table 1). The 
5.8 107 The theoretical 
LO? 


Fig. 5 shows the microstructure after a 


sum of these two densities is 


cm~*. number is vice 


107 em~*, or cm? 


one-noul 


anneal at 1000°C. Both the polygon wall and the 


slip-line arrangements of dislocations have disappeared 


The measured density is 0.73 10’ This is 


less than either 2.5 10? 


considerably 
3.3 107 


cm 


em~*, and can be explained only by the 
If the theoretical total number 


the 


cancellation process. 
4.5 


84°: 


107 em? is used, reduction in density is 


if the higher or measured density 5.8 10? em~? 
is used, the reduction in density is 87°,. Apparently 
with dislocations of opposite sign on a single set of 
slip planes, cancellation is favored ove! rearrangement 
into a network of subgrains with a dislocation density 
near the total density introduced by the deformation 
The drop in density observed here demonstrates tl 
reliability of the detection method for edge dislocati 


as well as prool of the cancellation process tor unlik 


OOO ¢ 
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»* 
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bends, the 
8.5 em, the 


Worked structure obtained after nine 
curvature of 


Fic. 6. 
bend 


second bend flatten 


producing a radius of 


ing the 


hrst 


} 
Sample, ete. 


dislocations. This means that the density 2 « 106 em-? 
found in original unbent crystals is probably not in 
error on the low side because of the detection method 


higher values could easily have been detected. 


(b) Removal of a worked structure 

If bending is followed immediately by flattening and 
the process is repeate 1 a number of times, the disloca- 
tion density is found to rise. Apparently extensive 
cancellation of unlike dislocations does not occur at 
low temperatures. Fig. 6 shows the worked structure 
after bending to an 8.5-cm radius, flattening, bending, 
etc.. for a total of nine operations. As in Fig. 2, slip 
is confined to (O11) slip planes, but the repeated bends 
have extended slip to the neutral axis (there is a 4 


boundary near the neutral axis due to growth 


imperfections in the preparation of this crystal). 
Annealing one hour at 750°C removed the slip-line 
arrangement ol dislocations and produced the 
shows the 


Fig. 9 


configuration shown in Fig. 7. Fig. 8 


configuration after one hour at 950°C, and 


g. 6 after one hour at 750°C. 750 


s 
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Fig. 8. Same as Fig. 6 after one hour at 950°C. 750 


after one hour at 1020°C. It appears that cancellation 
of unlike dislocations occurs before polygonization, 
which is just beginning at the 1020° point. 

Poor resolution of pits prevented a measurement of 
dislocation density for Fig. 6, but those for Figs. 7, 8, 
and 9 are 3.9 107, 0.58 107, and 0.70 
respectively. The latter figure is in good agreement 
the 107 
required for a radius of curvature of 8.5cm. The 
107 cm is too low, 


107 


with Cahn’s formula or value 0.67 


intermediate density of 0.58 
due to either an error in measurement or a deficiency 
The change 


9 


107 


of excess dislocation near the neutral axis. 
in density from 3.9 107 em~? to 0.70 
is a reduction of 80°, and indicates a near-100° 


cancellation of unlike dislocations. 


Course of A nnealing Change s in Bent Crystals 
10 to 19 


obtained on a crystal bent to a 2.55-cem radius of 


The results shown in Figs. 2 and were 
curvature and annealed for one hour in a temperature 
gradient giving annealing temperatures from about 


room temperature to 1100°C. They are selected points 


Fic. 9. Same as Fig. 6 after one hour at 1020°C. 750 


CTA 
Fic. 7. Same as F 


HIBBARD ann DUNN: DISLOCATIONS IN BENT CRYS1 ALS 


Fic. 10. (211) surface of ervstal bent around ~11) axis to 
a 2.55-em radius of curvature. After one hour at 650° 


750 


ame as Fig. 


\ \ \ 


\ \ 
\ \ \ 


Fic. 14. Same as Fig. 10, but after one hour at 


\ 
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2 
a 
Fic. 12. SH 10, but after one hour at 750°C. 750 Fic. 13. S Fig. 10 . ( 
\ \ \ \ 
\ \ \ 
\ \ 
\ 
at 875°C. 750 x. Fic. 15. Same as Fig. 14. 1500 


as Fig. 10, but after one hour at 1025°C. 
along the central portion or neutral axis of the crystal. 
Fig. 2, corresponding to room temperature, shows 
arrays of resolved etch pits that form lines parallel to 
the [111] slip direction; these are due to [211] edge 
dislocations that 


It is clear that the central region is entirely 


have been generated by bend 
gliding.* 
elastically bent.t 

Observations along the bent crystal for regions 
annealed at high temperatures disclosed a narrowing 
of the width of the unslipped zone. This narrowing 
was continuous, beginning at 300°C and ending near 
It indicates a relief of elastic stress through 


the of the 


600°C. 
glide 


vield point with a rise in temperature. 


which is activated by lowering 


Fig. 10 shows the configuration after complete bend 


* Note that 
since it 1s parallel to the slip direction. 

+ The strain in the 
calculated as corresponds to a 
strength of about 
the results of Benford.”*® 


slip lines should not occur on this surface, 
center region 1S 
vield 
with 


elastic 
This strain 
50,000 p.s.i., a value in 


maximum 
0.002. 


agreement 


1956 


Same as Fig. 10, but after one hour at 975°C. 750 


\ 
\ 


Same as Fig. 10, but after one hour at 1060°C. 750 


Fic. 19. 


gliding, slip occurring through the neutral axis at 


a temperature near 650°C. The lines of etch pits still 


define the active slip planes. The dislocations clearly 
lie on slip planes, and present little evidence for 


Calculated and measured dislocation densities for 
crystals bent to various radii of curvature 


TABLE l. 


Density (107) 
Radius 


(cm) 


Sample condition 


Calculated Measured 


Anneale 950°C 


Anneale 300°C 


Anneale 750°C 
As bent 
Anneale 750°C 
As bent 


720°C 
960°C 


Anneale 
Anneale 
As bent 
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\ \ \ \ \ \ 
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\ \ \ \ 
\ \ 
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\ \ \ \ \ \ \ \ 
\ \ \ \ \ \ \ \ 
\ \ \ \ \ 
\ \ \ \ \ \ 
\ \ \ \ 
\ \ \ \ \ \ 
\ \ \ \ \ X \ \ 
\ \ \ 
\ \ \ \ \ 
Fic. 16. Same as Fig. 10, but after one hour at 925°C. 750». Fic. 17. ee x . 
\ 
\ 
\ \ \ \ 
\ 
\ \ 
\ \ 
\ \ \ 
\e \ \ 
Ar 
\ \ 
\ \ 
\ 
\ \ 
= x 
\ 
0.635 eC 9.02 9.0 
1.70 ee 3.37 3.2 
0.97 1.9 
10.25 d lh 0.56 0.57 
0.56 1.2 


HIBBARD DUNN: 
incipient arrangements that could be described as 


subgrain boundaries. Compared with the as-bent 
crystal, the density of dislocations after complete 
bend gliding was found to be much more uniform across 
the thickness of the crystal. 

Figs. 11 and 12, for temperatures of about 700° and 
750°C respectively, show beginning stages of climb 
leading to polygonization. That is to say, there are 
arrays of dislocations in lines or walls, 90° to the slip 
direction, while there are arrays of dislocations still 
in lines on the slip planes. The latter are particularly 
prominent in Fig. 11, and they are parallel to the slip 
lines shown in Figs. 2 and 10. 

The arrays of dislocations in polygon walls such as 
appear in Fig. 12 certainly can be treated as unique 
groups, even though there are still no obvious subgrain 
boundary arrangements. A polygon wall may be 
described in terms of the spacing between dislocations, 
which determines a linear dislocation density. It 
can also be described in terms of the disorientation 
across the wall. For instance, the maximum disorienta- 
tion angle noted in Fig. 12 for the marked boundary is 
5.4 104 1.6 
calculated from a measured spacing of 4.4 10 
10-8 em. 


radians, or about min, which was 
com 
and a Burgers vector of 2.47 The linear 
density for this boundary (2.2 104) is fairly uniform 
fora distance of 13 uw; it then changes quite rapidly on 
both ends, as may be inferred from the micrograph. 
Directly adjacent to the 1.6-min wall and extending 
over to the neighboring wall, the density of dis- 
locations can be seen to be relatively low. 

Most 


of the dislocations are in walls approximately 90° to 


Fig. 13 shows a region that reached 850°C, 


the slip direction; so polygonization has occurred to 
Poly 


gonization is not complete, however, in the sense of 


the extent of attaining this new alignment. 


producing uniform boundaries of constant dislocation 


density that would be required for dividing the 


The spacing of 
Inter- 


crystal into well-defined subgrains. 
dislocations in the walls is far from uniform. 
estingly, a check on maximum linear density disclosed 
none above the 2.2 x 104 value noted in Fig. 12. 
Also, very few of these boundary segments include 
more than about thirty etch pits. Clearly, the new 
array of dislocations represents a large but incomplete 
step toward developing a system of relatively stress- 
free subgrains. 

The series of micrographs given in Figs. 14 to 19 
show what may be described as polygon growth, i.e. 


the spacing between walls increases as the annealing 


temperature increases. Dunn and Daniels“® obtained 


such coarsening for similar anneals, and also for 


isothermal anneals, upon lengthening the time at 


DISLOCATIONS IN 


BENT CRYSTALS 


temperature. Therefore, the picture obtained going 
from low to high temperatures represents stages in 
the same overall process of movement of dislocations 


The 


and 


into new configurations, mechanism can 


be viewed in terms of glide climb of dislo 


cations that bring about a lowering of the elastic 
strain energy. 

Although isolated dislocations between walls or at 
the end of an incomplete wall may move individually 
to neighboring walls during polygon growth, groups 
of dislocations such as those discussed in Fig. 12 h: 
enough stability to tend to hang together. Therefore 
displ vcements of groups ol dislocations or even 


Whether 


or in groups to lower the stress fields, they have 


probably occur. dislocations move 


move by glide and climb proce 


Kinetics of Polygon ( oOarsentiig 
Fig. 20 gives the course of polygon coarsening or the 
increase in wall spacing with time for several annealing 
The 


first and then suddenly 


increases rather 


levels off 


temperatures. wall spacing 


rapidly at the 
leveling-off spacing depending markedly on tempera- 
ture. Such a behavior cannot be accounted for on 
the basis of one simple mechanism, thus precluding 
a detailed analysis for activation energies of the 
process. 

accounted for 


These 


ll 


The increase in wall spacing can be 
the 


movements involve glide and climb processes 


only by movement of dislocations 


und 
they occur whenever a reduction in energy is possible 


It has been shown"™® that coalescence of low-angl 


boundaries into higher-angle boundaries 


reduction in energy 
On the other hand, the leveling off 


curves, particularly at the lower tempe! tures 


only be explained by soni thing stopping th move 
of the 


probably responsible for the observed effect cecordaing 


dislocations. Impurities in some 


to this point of view. the dislocations become anchored 
particularly at low temperatures, and this occurs only) 
the 


when the active driving force on dislocations 


becomes sufficiently low 
The 


taken at the point ol disappe arance ol slip connhig 


wall spacing for the initial stage 


tions was difficult to measure. The average 

of dislocations measured along lines pal illel ti 
Above a 

the 


value ol 


slip direction was used 
10-4 em. 
correspond quite well to true wall spacings 
Fig 


spacing of 4 LO 


however, measurements 


five curves in 16 were drawn to converge o 


tem, the general form would 


retained. 


to 
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+ 
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Fic. 20. 


SUMMARY 


The chrome-acetic acid electropolish and etch 
procedure used to develop etch pits in silicon-iron 
crystals was found to be a reliable method for locating 
the sites of individual dislocations. 

Good agreement was obtained between dislocation 
densities measured in bent and annealed specimens 
and Cahn’s formula. <A 


density of was the 


densities calculated by 


about 2 found for 
original unbent crystals. 


ot 


and the drop in dislocation density was measured 


Cancellation unlike dislocations was observed 


upon annealing a poly conized cry stal which had been 


subjected to a reversed bend (i.e. flattening, which 


introduced dislocations of opposite sign). 


Cancellation of unlike dislocations in the removal 


of a cold-worked structure (obtained by several cycles 
of bending and flattening treatments) occurred upon 


annealing specimen left in the bent condition. 


At relatively high densities the dislocations left the 


single slip-line arrangement and produced a more or 


less random pattern. 
density Cecreased to approximately the final value, 
which agreed well with the density of excess disloca- 
tions required for the residual curvature. 
annealing resulted in the formation of polygoniza- 
tion structures in accordance with bending geometry. 


The course of annealing changes in a single bent 


This pattern persisted while the 


Further 


Isothermal polygon 


6 
IN HOURS 


growth curves. 


crystal with slip extending part-way to the neutral 
axis were the following. Up to about 600°C further 
slip occurred until no unslipped region remained. 
Near 700°C the first stages of poly conization occurred: 
of of 


Additional annealing completed the 


this consisted the formation short-range 
polygon walls. 
formation of these incomplete wall arrangements. 
Above further 


combinations 


850°C and 
of 


structures of increased wall spacing (polygon growth). 


about rearrangements 


dislocations produced polygon 

In a semiquantitative investigation of isothermal 
polygon growth it was found that growth occurred 
rather rapidly for a short time, after which growth was 


ext remely slow. 
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A CRYSTALLOGRAPHIC STUDY OF MERCURIC IODIDE* 


J. B. 


NEW KIR K+ 


Mercurie iodide crystals grow from the liquid or vapor state by the spread of successive parallel 


layers over the crystal surface. 


formation from the 


The crystals also sublime and melt by the recession of layers. 
vellow to the red form occurs by two distinctly different mechanisms. 


Trans- 


The red 


transformation product has a definite and known orientation with respect to the parent lattice. The 


nucleation kinetics of the yellow 
red-vellow, vellow-\ 


interfacial energies are given. 


ETUDE CRISTALLOGRAPHIQUE DE 


apor, and red-vapor phases increase in that order. 


— red transformation indicate that the interfacial energies between 


Approximate values for these 


LSIODURE MERCURIQUE 


Les cristaux d’iodure mercurique croissent a partir du liquide ou de la vapeur par le développement de 


couches paralléles successives sur la surface du solide. 


par la recession de ces couches. 


Inversément les cristaux se subliment ou fondent 


La transformation de la variété jaune en variété rouge s effectue par deux mécanismes bien distincts. 


Le produit de la transformation rouge a une orientation connue et bien définie sur le réseau de base. 


La cinétique de nucléation de la transformation jaune < 


phase rouge—phase jaune, phase jaune—phase 


le méme ordre. 


rouge montre que les énergies interfaciales entre 


vapeur et phase rouge phase vapeur vont en croissant dans 


Des valeurs approchées sont données pour ces énergies interfaciales. 


KRISTALLOGRAPHISCHE 


UNTERSUCHUNG 


VON QUECKSILBERJODID 


Das Wachstum von Quecksilberjodid-Kristallen aus der fliissigen oder der Dampf-Phase erfolgt durch 


Ausbreiten aufeinanderfolgender, paralleler Schichten iiber die Kristalloberflache hinweg. 


limieren und schmelzen die 


die rote 


lungsprodukt hat eine definierte und bekannte Orientierung beziiglich des Mutterkristalls. 


bildungskinetik der gelb — 


Kristalle durch schichtweisen Abbau. 
Modifikation geht durch zwei deutlich verschiedene Mechanismen vor sich. 


\usserdem sub 
Die Umwandlung von der gelben in 
Das rote Umwand 
Die Keim- 


rot- Umwandlung zeigt. dass die Grenzflachenenergien zwischen den Phasen 


rot-gelb, gelb-Dampf und rot-Dampf in der genannten Reihenfolge zuanehmen. Naherungswerte fiir diese 


Grenzflachenenergien werden angegeben. 


1. INTRODUCTION 


Mercuric iodide, first chosen for study because of 


its interesting polymorphic transformation at 127°C 


has proven to be an appropriate subject for the study 


of several other fundamental phenomena. Among 


these are the mechanisms ot nucleation and orowth of 


crystals from the vapor, and the melting and freezing 


characteristics of a crystalline substance. It is the 


purpose of this report to describe experimental 
observations regarding these phenomena in mercuric 
iodide and to discuss their interpretation in terms of 
fundamental processes which may operate in metallic 
Although they are 


closely related, the different types of phenomena are 


and other nonmetallic systems. 


discussed individually, in so far as possible, in separate 
sections of this report. 
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2. EXPERIMENTAL OBSERVATIONS 
When mercuric iodide powder is heated above 
27 
bright 


it turns from it characteristic red color to a 
structure 
the 


temperature is raised, the yellow crystals sublime, 


yellow as the tetragonal crystal! 


transforms to the orthorhombic structure. As 
producing a vapor of molecular mercuric iodide. 
A cool glass slide held in the vapor becomes covered 
with many crystals of the red or yellow phase. These 
crystals take the shape of red rectangular paral- 
lelepipeds, vellow parallelogram platelets, or yellow 
needles, depending upon the temperature and the 


degree of supersaturation of the vapor (see Fig. 1). 


The long sides of a yellow parallelepiped are parallel 


with [110] and [110] respectively; 
parallel with (001). 
verification. ) 


the thin plane is 
(See Appendix for experimental 
If the glass slide is warm, the yellow 
crystals sometimes grow as large as several millimeters 


across. 
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glass can be conveniently Gr 


Crystals on a slide 


watched, at magnifications up to 750 
in Fig. 2. The crystals 


the sketched cry 


apparatus 
resting on the heated lower glass slide provide Hgl, 


MICROSCOPE 


METALLURGICA, 


by means of 
‘stals appear to have on them curved lines resembling 


ter 
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wth of Hgl, Crystals from the Vapor Phase 


At a magnification of about 100 some of the 


race edges or contours as in Fig. 3. The lines move 


SPECIMEN 
CRYSTALS 
GLASS SLIDES 


2 


A. 


CONDUCTING 
GLASS HOT 
STAGE 
Fic. 2. Mercuric iodide, 
under side of the cox 


600 


g contours Moy 


crystals as they 


vapor, which condenses on the under side of the top 


slide. 


clear 


Since the forming crystals are transparent, a 


image of their underneath surface can be seen 
through them, and the underneath surface appears 


as it would if it were viewed from below the crystal 


instead of through it. 


subliming from the hot lower slide, 


deposit on the 


yler top slide. 


e continuously across the surface 


grow or sublime. 

steadily across the surface of the crystals. The lines 
are first seen as small loops and spread successively 
across the (C01) surface, moving in the direction of 
their convex side. When this occurs on crystal 
platelets, which are so thin that they exhibit inter- 


ference colors, the spreading lines mark the boundary 


| 
| 
pw 225°C 
Fic. 3. Lines resseemblin 
of some 


600 


Fic. 4. Melting seems to occ) 
Droplets, forming on t 


between an area of one uniform color and an are: start as a boundary around the 

another. and move toward the interio1 
Among the hundreds of mercuric iodide crystals _ lines apy 

examined, not one definite spiral has been seen. growth, except 

When they occur on isolated crystals, the loops of their concave 

sometimes seen to come from a point well within the continues until 

bounding edges of the crystal. When several crystals vanished 

are in intimate contact, having grown until they 

impinge, the loops appear to come from a section of Melting 

the grain boundary or, infrequently, from a point 

away from the grain boundaries. Occasionally, point, the lines on 


+ 


crystals are seen on which the loops apparently contrast. The first evidence of meltit 
spring into existence with a relatively large radius of | of minute drops at random lo 


Dack as lm 


curvature. lines movi 


droplets are in rapid motion, but 
Sublimation line. The liquid does not appear to wet thi 
If conditions are adjusted so that the space over a its own crystal between line 


hot mercuric iodide crystal is unsaturated with droplet hesitates a moment 


respect to mercuric iodide vapor, the crystal will then recedes more rapidly at th 


sublime. As in the case of growth, sublimation of than it does where no drop 
these crystals is sometimes accompanied by the move- temperature must be very nearly t 


ment of lines across the crystal surface. The lines melting appears to occur by thi 


™ wer, « 
Jae 
Co 
ng lavers, grov 
iblimation (Fig. 4). 1 
Chi 
7 one The 
hasama. Cantinned 
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600 


Fic. 5. 


has drawn back from a newly frozen crystal. 


VOL. 


Surface striations on crystals grown in the liquid are easily seen where the liquid 


They are barely visible on other parts of 


the crystal which are covered with the melt. 


edges, accompanied by the formation and coalescence 
of droplets as described above. The layers do not 
appear to become thinner. Only where there is some 
sort of a visible crystalline singularity does the surface 
become pitted. At such a place a hole develops, 


which becomes lined within as though it were 


contoured. The contours then recede and droplets 


form as melting proceeds. 


Freezing 

Molten mercuric iodide is a reddish-brown liquid 
When the bulk 
liquid is cooled below the melting point, dendrites 
If the 
liquid is only slightly undercooled so that the dendrites 


somewhat darker than bromine. 


quickly grow into the body of the liquid. 
grow slowly, one can see very faint lines, resembling 
terrace edges, spreading over the faces of the crystals. 
The lines are much less distinct than they are on 
crystals growing from the vapor phase, probably 
because the refraction between liquid and solid is 
If the liquid is 


quickly drawn back from a newly frozen crystal, the 


less than between vapor and solid. 
surface striations can be clearly seen (Fig. 5). Spirals 
have not been observed on crystals grown from the 


liquid. 


Solid- Phase Tra nsformation 


Mechanism. When the yellow-red transformation 
in a loose polycrystalline aggregate is viewed through 
a microscope, the advancing red front can be seen to 
move through individual crystals, and from one 
crystal to another wherever they are in physical 
contact. Sometimes the advancing front proceeds 
through a crystal in an apparently random manner 
various billowing ahead of others 


with areas 


(Fig. 6 top). Frequently one or more parallel red 
bends resembling twins suddenly shoot out into the 
These 


widen more or less uniformly until the entire crystal 


vellow matrix (Fig. 6 bottom). bands then 


is transformed. Sometimes two nonparallel sets of 
red bands form, making a lattice-work of red against 
yellow. The exact conditions favoring one mode of 
srowth over the other are not well understood, but it 
is suspected that crystal stresses and mechanical 
restraints are involved in promoting the formation of 
red bands. 

Occasionally a large isolated yellow crystal, say 
3 ] the 
vapor can be cooled to room temperature without 


The 


0.5mm, which has been grown from 


transforming if it is handled with great care. 


yellow-red transformation seems to be suppressed if 
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600 
Fic. 6. Two modes of transformati 


Top: Random advance of incoherent interface 


the crystal is coated with a liquid such as acetone however, to determine the temperature limits beyond 
which wets the surface. Ifa yellow crystalismechanic- which growth of the red phase from the yell 
ally distorted while at temperatures between 0° and — soslow that observations of nucleation behavior 
127°C, the transformation will begin at the point of | be masked. To test this, several small samples of 
distortion and spread throughout the entire crystal mercuric iodide powder were placed in the bott 
When the transformation occurs by the formation of | each of several small test tubes which were ther 
red bands, the bands are invariably parallel with an in an oil bath at 150°C. Within one minut: 
edge of the crystal and are therefore parallel with a powder had turned yellow. After fifteen minutes 
[110] or [110] direction. When a red crystal is heated tubes were removed individually, quickly shake 
above 127°C it invariably transforms by the random _ provide nuclei for the yellow-red transforn 
advance of the red-yellow interface. plunged into one of five constant-tempe 

By the method described in the Appendix, it was baths which were held at 100°, 50°, 0 
determined that the tetragonal lattice of a red 218°C, respectively. The test tubes wer 
crystal bears the following orientation relationship to continuously while in the oil baths, and 
the orthorhombic lattice of its parent yellow crystal: required for the powder to complete one-thi 


half, ete., of the transformation (estimate 


(100) (110) 


tetragonal orthorhombic by color change) were recorded for each re 


(O01) temperature. The results are shown graphically 
Jorthorhombic Fi 
tig 


[001 hoteagonal 


Kinetics. In the present investigation the nuclea- Effect of Mechanical Distortion It was mentioned 
tion behavior was of greater interest than the growth above that the slightest plastic distortion of a vellow 


rate. Therefore, no attempt was made to measure’ crystal held at room temperature will induce its 


growth rate of the new phase. It was necessary, complete transformation to the red phase. Although 
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| mm) would 
of 


large vellow crystals (average diameter 


usually transform spontaneously in a matter 
minutes, even if left undisturbed at room temperature, 
crystals smaller than 0.1 mm could be cooled to room 
temperature and held there for days (presumably 
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experiment for crystals of two different sizes are 
plotted in Fig. 8. 

Nucleation of Yellow Hgl, from the If 
mercuric iodide is heated to a known temperature in 
a continuous cloud chamber™ (Fig. 9) so that the vapor 


Hglo 


Vapor. 


100 L 
RED PHASE 


IST VISIBLE 


© UNSTABLE 
UNTRANSFORMED 
YELLOW ORTHORHOMBIC PHASE 


OBSERVED RED 
TRANSFORMED 
TRANSFORMED 
2/3 TRANSFORMED 
100% TRANSFORMED 


1ST 
1/3 


a 
4 


4 — 4 


3 4556789! 2 3 
LOG TIM 


po ( LE 


indefinitely) without transforming. However, small 
crystals which had been rapidly cooled by plunging 
red 
Very 


over 


directly into liquid nitrogen would turn 


few 


them 


minutes after reheating above O-C. 


\\ ithin a 


slo to liquid nitrogen temperature, 


cooling 
period ol several hours. did not Cause the 


all ervstals to transform on returning to room 


The character- 


red 


w in Red Hgl, 


ation of vellow in mercuric 


Vv ODSE rving small, isolated, red 


‘re being heated. These crystals 


ving been slowly grown from 


+ Vapor O lide ata relatively low temper ra- 


During the temperature was observed 


all chromel-alum«e thermocouple, 


‘ans Ol 


ne junction ich was placed near the crystals 


hy ing observe Photomicrogra yhs vere made 35 mm 
as the crystals were heated (above 


] 
COLO! film 


27°C). Pic 


tures were taken until the crystals 


Ther 
number ot ervstals which had turned ve 


The 


were vellow on eacn develope d photograph, the 


llo since the 


preceding picture was counted. results of this 


STABLE a 
TRANSFORMATION 
COMPLETE 


SS 


4 5678910 
E, MIN. 


is cooled under controlled conditions, a distinct line 


will be seen below which “‘snowflakes” of solid vellow 


mercuric iodide form directly from the vapor. Since 


the dependence ot vapor pressure upon temperature 
is known for yellow mercuric iodide, by comparing 
the of the vapor source (e.g. 260°C) 


temperature 
with the highest 
occurred (e.g. 160°C), the vapor supersaturation at the 


Duetothe high molecular 


temperature at which snowfall 


snowline could be calculated. 
weight of HgI, there was inevitable tu hulence within 
the chamber. which limited the accuracy to which 
the vapor supersaturation at the snowline was known. 

A 10-minute 16 mm color film has been made which 
shows many ol the efttects described above. The film 
Phase Trans- 


is entitled “Growth, Evaporation and 


formation of Mercuric lodide Cry stals” and is available 


for loan on request. 
3. DISCUSSION 


( rystal Growth. Sublimation. and Melting 


It was evident that the curved contour-like lines 


moving across the surface of a cry stal marked the 


edges of layers by which the crystal was growing or 
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lines 


When the 


convex side the crystal grew. Therefore, layers were 


evaporating. moved toward thei 


being deposited. Conversely, lines moving toward 


their concave side occurred only on shrinking crystals 


RIC IODIDE 


to which it is hanging, the terrace would breal 


and proceed across the crystal surface 


visible terrace having a relatively large radius of 


curvature and step height could appeal to spring Into 


100 T T 


(RED) Hg ( YELLOW) 


HEATING RATE — 9°C/ MIN. 


PERCENT TRANSFORMED 


AVERAGE DIAMETER =50-100 


AVERAGE DIAMETER= 20-40, 


AT SUPERHEAT °C 


The mechanism of growth by layers has been observed 


in many metallic and non-metallic systems.%-4 
However, it is unusual that definite spiral growth 
sources are not seen on Hel, cry stals 

The mechanism by which the visible growth steps 
suddenly appear is not understood. It is possible that 
many sub-microscopic spiral growth sources of the 
boundary 


usual type are present at a grain in a 


particular area of a cry stal, each source generating a 
crowth step too small to be seen by itself Many steps 
of this sort may then catch up with a slower-moving 
step ahead and thus accumulate into one single large 
step. This large step could then proceed coherently 
across the face of the crystal while another large step 
gathered behind it. Accumulation of small steps could 
be brought about by the presence of a cry stal singu- 
larity, such as an included foreign particle or a crystal 
lineage formation, at a distance from the individual 
sources. The singularity would retard an invisible 
advancing step until other smaller (therefore, faster 
moving) steps could catch up to it. When the step 
acquires sufficient energy through a concentration 


fluctuation or other means to overcome the singularity 
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existence. It would not be necessary for the visible 
step to spread from a point of origin as is commonly 
observed in the growth of cadmium iodide crystals in 
water solution.©:® 

The process of sublimation also appears to occur by 
is not 


the removal of successive layers. However, it 


ACTIVATION (ORTHO -+TET.) 


ACTIVATION 
(ORTHO. TWINNED ORTHO.) 
ORTHO. (STRAINED) 


| ORTHO.(UNSTRAINED) 


FREE ENERGY 


(a) 
Fic. 10. 


ALLURGICA, 
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Solid- Phase Tra nsformation 


Mechanism and Kinetics. The orientation relation- 
ship found to exist between a red Hgl, crystal and 
its parent yellow crystal, offers no pair of conjugate 
planes having similar symmetry by which a coherent 


interface might be formed. Therefore, the yellow-red 


Schematic representation of free energy changes accompanying twinning 


and transformation in orthorhombic Hgl, crystals. 


clear how the layer thickness is established during 
sublimation. When a crystal grows by layering, one 
may reasonably assume that a crystalline imperfection 
is present in the surface, which defines the height of the 
origin. On sublimation, 


layers at their point of 


however, some other mechanism must act to define 
the thickness of the layers since the bounding edge 
the periphery of the grain and 


first appears at 


contracts until the layer disappears at a_ point. 
Possibly each laver becomes coated, as it first forms, 
with an adsorbed film of oxygen or nitrogen, which 
separates it from the laver immediately below. Thus, 
the crystal would be built up of a sandwich of layers 
separated from each other by these thin films. Such a 
structure might be expected to sublime by the 
successive removal of the Jayers in the reverse of the 
order in which they formed. By an evaporation 
etching technique, Frasier, at Rensselaer Polytechnic 
Institute,"” has found surface figures on chromium 
metal which are remarkably similar to those observed 
on mercuric iodide. Also electron micrographs of 
“natural-fired” barium titanate shows similar steps on 
the surface.‘ 
The fact that 


rapidly in the vicinity of a droplet, suggests that the 


a melting terrace edge recedes more 


solid is at a temperature slightly above its own 


melting-point. On the other hand the effect of the 
droplet may alternatively be explained by assuming 
that impurities present in the droplet lower the melting 
point of the solid salt with which the droplet is in 
contact. The latter explanation seems less likely, 
because the salt was purified by subliming several 
being used for these observations. 


times before 


Furthermore, as a droplet grows, any impurity 


originally present must become greatly diluted: vet 
the droplet remains potent in causing the terrace to 


recede. 


interface must advance into the yellow phase by the 


passage of HglI, molecules across an _ incoherent 


interface. The activation energy required for this 
process in a strain-free orthorhombic crystal may be 
represented by LO(a). 
would be generated by this transformation. However, 


Fig. No coherency stresses 
there is generally a volume change accompanying 
the vellow-red transformation which could provide a 
source of stress leading to the generation and growth 
of twins in the yellow phase. 

It is probable, though unverified, that orthorhombic 
mercuric iodide twins on (110) and (110) planes. A twin 
forms by the rapid advance of an incoherent twin inter- 
face through a yellow crystal in a direction which is 
parallel with the twin plane. The activation energy 
required for the movement of this twin interface 
is represented by Fig. 10(b). Ifthe orthorhombic phase 
were stable, the molecules passing the incoherent twin 
interface would be expected to recombine in the ortho- 
rhombic arrangement. However, since the twin is 
made to form at a temperature where the stable crystal 
structure is tetragonal, the system can enjoy a 
lowering of free energy if the molecules crossing the 
interface reorganize as the more stable tetragonal red 
phase. The free energy change accompanying this 
mode of transformation is represented by Fig. 10(c). 
In this case the final state is the stable tetragonal 
structure, but it reach the 


was only necessary to 


twinning activation energy to achieve it. In this case 
mechanical strains could provide the bulk of the 
driving force. The effects of mechanical distortion by 
a probe in initiating and accelerating the yellow-red 
transformation may come about through a similar 
mechanism. 

This process of phase transformation across an 
incoherent twin interface provides a mechanism by 


which a transformation can proceed at a much more 
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rapid rate than it could if twinning were not involved. 
It is, of course, limited to systems which will form 
twins. Furthermore, it would be expected to operate 
only for allotropic transformations, not for those 
where composition changes require long range 
diffusion, since the relatively rapid advance of the twin 
interface would not allow time for diffusion to occur. 
This mechanism is similar to the well-known tendency 
of mechanical distortion in an unstable precipitation 
alloy to initiate precipitation on active slip planes 
where lattice disturbance has occurred. 

Other investigators’! have made semi-quantita- 
tive tests of the rate of (yellow—-red) transformation 
limited 


tests 


in loose polycrystalline aggregates over 
Data 


limited by the fact that the transformation occurs 


temperature ranges. from these are 
mostly by growth rather than extensive nucleation. 
In a mass of crystals the spread of the red phase is 
strongly affected by the amount and geometry of the 
contact area between the adjoining grains. Therefore, 
a measure of the linear velocity of the average 
macroscopic interface between the red and yellow 
areas in a polycrystalline mass is not a quantity 
having fundamental significance. Furthermore, since 
two modes of growth of the red phase occur, viz., 
random interface advance and twin formation, the 
overall rate represents at best only a combination of 
these two growth mechanisms. 

From the isothermal transformation experiments 
with monocrystalline samples it was established that 
nuclei of the red phase will not form spontaneously in 
yellow crystals at temperatures as low as 0°C. At lower 
temperatures slow growth rate makes it uncertain as 
to whether nuclei form or not. Therefore, 127°C 
was taken as a minimum amount of undercooling to 
which yellow HglI, can be subjected without inducing 
spontaneous nucleation. If a crystal is distorted at a 
low temperature where atomic mobility is small, the 
lattice apparently becomes activated by the dis- 
turbance so that, on reheating, nucleation and growth 
can occur. 

According to nucleation theory") the change in 
free energy AG* accompanying the formation of a 
spherical isotropic nucleus of critical size is: 


AG* (1) 


3 (AG,7)? 


where o = interfacial energy between nucleus and 


matrix 
AG,? change in free energy per unit volume at 
the temperature 7’ 


nucleation frequency per unit volume 


ME 


RCURIC IODIDE 


Boltzmann’s constant 


temperature. 


At constant pressure \S; the 


— entropy 
d7 
change accompany Ing the transtormation from Ve llow 


to red. It follows from this that 


AS, 


0 


( (In AS 


where AS, is the entropy change at 7'y, the equilibrium 


transformation temperature and C’, is the specific heat 


of the red or vellow phase This prov ides the following 


expression, by means of which AG.” can be evaluated 


of known thermodynamic constants" 


AS,(T — 


in terms 


AG," 
AC 


A reasonable value for AG* can be approximated by 
assuming that nuclei of the yellow phase form at the 
rate of one per second pel cc Following the theory 


and notation of Turnbull and Fisher,“* 
AG* 
kT 


exp 
The pre-ex pone ntial 
13. 


ergs/cm-* 


where k Boltzmann’s constant 
reference 


14 


minimum 


factor is discussed in 
(j—4). a 
found corresponding 


1?7 ¢ 


Using equations 


minimum value of for a is 


to undercooling of 


Red 
In 


crystals 


Ye llow Nu leation 


stable 


contrast with the behavior of 


on cooling crvstals which orlgmally 


invariably turn yellow before they are superheated 


more than 27°C above the equilibrium transformation 


temperature. As is shown in Fig. 8, crystals of smallet 


size are more resistant to transformation, an 
effect of isolation if nucleation is normally 
by foreign particles Since the highest te mpel 
which the 
154°C 


which 


most resistant crystal would remain 


was this is assumed to be the temperature at 


surtace nucleation OcCUrs spont neously 


Crystals which turned red at temperatures below 


154°C were presumably nucleated by an impurity 
particle or some other cry stalline inhomogeneity 

One can rationalize this difference in transformation 
behavior of red and yellow crystals by assuming that 
from an 


ot 


which forms 


the 


the first bit of vellow phase 
the 


may be 


originally red crystal, occurs at surface 
For 


further assumed that the nucleus takes the form of an 


crystal. purposes of calculation it 
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ISOtrOpic spherical segment, as in Fig | l. The relative 


values, o,. and o,.. of the energies of the red and 


vellow phases against mercuric iodide vapor are 


given by the angle f and to assume @ is less than 


90° is equivalent to assuming a,, O This is 
consistent with the concept that the low temperature 
phase, having stronger interatomic binding than the 
high, has a larger surface energy. It is also consistent 
with the observation by the author and the statement 
by Mellor that vellow cry stals can form from the vapor 
as low as 25°C. In 


on a glass slide at temperatures 


forming the vapor-vellow (VY) interface an equal 


ymount of vapor-red (VF) interface is lost, resulting 


in a net lowering of surface energy 
The activation energy required to form a critical 


size nucleus of the tvpe sketched in Fig. 11 is 14) 


l6 zo 
AG* 
3 


where AG,.’ the 


volume of tra 


change in free energy per unit 


ormed material at temperature 7. 


>py (min) found in the preceding 
iximum value of 24° for 4 


» 
it 


sa 


that the surface nucleus is isotropic, 


min) cos 9 (max). 6) 


Ory 


simce Op] a red-vapor surtace could he 


replaced by a vellow-vapor surface with a decrease in 
surface energy, and nucleation of the vellow phase 
upon the surface of a red crystal is favorable. Similar 
reasoning leads to the conclusion that transformation 
from vellow to red by surface nucleation is unfavorable. 
This would account in part for the large amount of 
undercooling which yellow’ crystals will suffer 
without transforming spontaneously 

Thus far Ory; 


Opy have been found. Their values can be approxi- 


only relative values for and 
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mated on an absolute energy scale by using the data 
from the cloud chamber experiment. 

The maximum supersaturation ratio, S, which was 
required to form mercuric iodide snow crystals by 
homogeneous nucleation from the vapor at 160°C was 
This 


maximum value because the turbulence caused by the 


found to be approximately 90. figure is a 


high molecular weight of the Hel, inevitably resulted 
in some dilution of the vapor with air before it reached 
level. From this value, AG,” can be 


the snow 


calculated since 
AG, 
where molecular volume and 
vapor pressure 
saturation vapor pressure Hgl, 


and using the 


AG* 
kT 


Combining equations (1) and (7), 


approximation J ~ | exp one finds 


that 


Ory = 102 ergs/em?. 
This, with equation (6), predicts a maximum value of 


115 ergs/em? for Opy: 


4. SUMMARY AND CONCLUSIONS 


1) Crystals of the yellow orthorhombic phase of 
mercuric iodide normally form from the vapor in the 
shape of flat parallelograms with edges parallel to 
110 110}. 
to [O00] The ervstals are 


110) or (110) plane 


and The thin plane of a crystal is normal 
sometimes twinned on a 
When supersaturation is low the 
growing crystals take the shape of needles. 

2) The vellow cry stals grow from the melt or from 
Vapol by the formation § of 
A thick. 


The thickness of a given lavet appears 


the successive lavers 


thousands of These lavers are parallel with 
OO] 
to be constant as it advances, although the thicknesses 
ol successive lavel sare nonuniform. The \ isible lay ers 


probably form by the occasional accumulation of 
many invisible layers of much smaller step height. No 
growth spirals have been observed and the origin of the 
small lavers is not definitely known. 


3) Yellow 


melt by the recession of layers over their surface. It 


mercuric iodide crystals sublime and 


is not clear how the step height ofa receding lavet is 
fixed. A 


droplets at terrace edges 


originally melting crystal first develops 
The droplets appear to wet 
the edge but not the flat surface of a laver. Wherever 
a droplet occurs, the layer recedes more rapidly, 
indicating that the solid may be superheated. Melting 
proceeds by the coalescence of droplets accompanied 
by layer recession, not by the thinning of layers or 


the random sloughing-off of material. 
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(4) Orthorhombic mercuric iodide transforms to the and between each phase and mercuric iodide vapor, 
tetragonal structure by two different mechanisms, viz., are estimated from superheating and undercooling 
(a) The random advance of the red-yellow interface data 
through the cry stal. ACKNOWLEDGMENTS 
(b) The rapid darting through the crystal of red Throughout this study the author has had the 
bands parallel with [110] and [110]. It is nefit of stimulating discussions with D. Turnbull and 
proposed that these are regions where trans- r. W. Sears, both of this laboratory 
formation is accelerated by the passage of an REFERENCES 
incoherent twin boundary through the unstable 
crystal lattice. The twinning may arise from 
strains resulting from the volume change 
accompanying previous transformation. 
The orientation relationship between the tetragonal 
lattice of a red crystal and the orthorhombic lattice of 
its parent yellow crystal is as follows: 


(110), 


OO] 


itetragonal rthorhombic’* 


(100) 


tetragonal rthorhombt 


Since this relationship does not offer the possibility of 


conjugate planes having close atomic matching, the 
interface is probably not a coherent one. 

(5) Crystals which were originally of the low- 
temperature red tetragonal phase could be heated as 
much as 27°C above the equilibrium transformation 
temperature without spontaneously turning yellow; 


crystals which were originally of the high-temperature ; 
Appendix 


vellow orthorhombic phase could be undercooled at 
By W. G. MARTIN 


least 129° without turning red. This asymmetrical 
Determination of the Orienta 


the Orthorho nbic and the 


nucleation behavior is explained on the hypothesis that 
the vellow phase nucleates on the surface of a red 
crystal and the red phase nucleates in the interior of ‘low crystals grow 
the vellow. On the basis of this hypothesis, reasonable a glass fiber often have 


values of interfacial energies hetween the two ph Ses, all but one of thes 
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Fic. 13. X-ray diffraction 
photographs of the un- 
stable vellow phase. 
(Room temperature, Mo 
radiation, Rad. 5 em) 


(a) Transmission Laue. 
[110] vertical, 
1001 |//beam. 


(b) Rotation. [110] verti- 
cal and rotation axis. 


(c) Rotation. [001] verti- 
cal and rotation axis. 
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ROTATION AXIS 


NON REFLECTING LAYERS 
REFLECTING LAYERS 


Fic. 14. hkoO layer of reciprocal lattice of orthorhombic HglI,. (Space group ¢ 


Reflection occurs from points with indices 2n. These and corresponding 


points where | 0 give layer lines seen on Fig. 13(b). 


5. Transmission Laue photograph of red crystal which was originally 
Layer lines correspond to a dimension of unit tetragonal cell. 
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fiber, the remaining crystal can be conveniently 


studied by conventional x-ray diffraction methods. 


Fig. 13(a) shows a transmission Laue photograph of 


fle crystal of the orthorhombic phase with [001 | 


a sing 
parallel with the beam and [110] vertical. Unfiltered 


molybdenum radiation and a cylindrical camera of 


13(a) the long axis of the macroscopic crystal was 


radius 5em were used throughout this study. 


Fig. 
vertical. 

for Fig. 13(b), 
rotated 


the cry stal, 
about the 


During the exposure 


mounted as for Fig. 13(a), was 


vertical axis. The laver lines correspond to the 


indicated (110) planes of the reciprocal lattice in 


Fig. 14 and have a C-value corresponding to even 


lavers of the orthorhombic Hol, reciprocal lattice. 


Reflection from points on odd lavers of the 


reciprocal lattice is forbidden for this space group 
Fig. 


so that its flat side was horizontal and then was 


For I3(c), the erystal was turned 


rotated about a vertical axis during the exposure. 


The laver lines in Fig. 13(c) correspond to the ec- 
dimension of the mercuric iodide unit cell. 

To establish the orientation relationship between a 
vellow crystal and a red one descended from it, the 
orientation of a yellow single crystal was determined 


is described in the preceding paragraph and then the 


and is shown in Fig. 12 
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crystal was lightly touched, thereby causing it to 
transform to the red phase. A Laue photograph was 
then made with the now red crystal still in place in the 
camera. From this photograph the orientation of the 
red crystal was directly determined and could be 
Fig. 15 


Laue photograph of a red 


related to that of its parent yellow crystal. 
shows a transmission 
crystal descended from a yellow crystal which had 
been oriented with [001 ].,,,,. parallel with the beam and 
[110 ortho 


the X-ray 


vertical. For Fig. 15 [001},., is parallel with 


beam and [100]... is vertical. Severe 
distortion indicated by the heavy streaks is probably 
a result of mechanical warping which is characteristic 
of single crystals of mercuric iodide after they have 
transformed from yellow to red. According to Fig. 
15, the warping amounts to a 20° twist of the crystal 
about the vertical [100] axis. Layer lines made 
visible by this distortion correspond to the a dimension 
of tetragonal mercuric iodide. 

The orientation relationship given by this method 
is: 


(100)... 


LOO] OOL |, 


110). -thorhombi 


LETTERS TO THE EDITOR 


On the Role of Grain Boundaries in Creep* 


There are numerous examples of the influence of 
crystallographic orientation of grain boundaries 
on their properties and behavior.“") One of the 


first to show this effect was Chalmers.'2) who measured 


creep strengths of tin bicrystals grown in such a 
manner that both crystals were similarly oriented 


with respect to the specimen axis, which was also 


the tensile axis. The [OO] axes of the tetragonal 
lattice were perpendicular to the tensile axis, while 
the [101] directions were at 45 deg to it. The angle A 


between the [O01] axes of the two crystals was varied 


so as to cover the whole range, and the results are 
reproduced in Fig. 1. The deviations of experimental 
points from the straight-line average seem to indicate 
a certain systematic trend, and thus a closer analysis 
of the observed facts was made. 

It is natural to expect that the variation of such 


a quantity as creep strength as a function of the 
zero, since the 

angle A will be irregular whenever the grain boundary 

is in proximity of a prominent crystallographic fim 

; The condition 

plane. A typical example of this behavior is, for oli d 

instance, the rate of diffusion along grain boundaries.“ ; 

lhe rate of creep will be influenced by the availability 

of dislocations and the ease with which they can : 

LLCs exp 

move across the grain boundary. A grain boundary 


parallel to a plane of high density would provide a 
better fit between the lattices of the two OoTains 
than a low-density plane, and would facilitate creep | 
A ealculation was made to show what angles A 


experiment 


correspond to high-density, low-index planes in 


Chalmers’ experiments. Referring to Fig. 2, it can ay 
POss1 DLE 


be seen that the last index of the tensile axis must be 


densit\ 
650; the most densely 
contained in these planes. 1 
341) plane is only a few pr 
340) plane, which is the mo 
planes in the LB0!] zone Ihe 


does ne eC n to shoy up 


STRESS g /mm2 


and 90 may 
343) planes respectively, bu 
experimental poimts availal 
clusion 
It would be of consider: 
Fic. 1. Chalmers’ data on creep strength 


vs. angle between grains. similar measurements fot 
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obtain a more complete picture of the ““permeability” 
of grain boundaries to dislocations. 
This work was supported by an AEC contract; 


the first author had an AEC Fellowship. 
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Dislocations at Compositional Fluctuations in 
Germanium-Silicon Alloys* 


Unusual arrays of dislocations have been found in 
germanium-alloy single crystals grown from the melt. 
The arrays are presumably layers of edge dislocations 
which lie parallel to successive positions taken by the 
liquid-solid interface during freezing. They arise from 
and hence of 


solute concentration, 


the 


fluctuations in 


lattice constant. at interface. The dislocations 


form presumably because they reduce the energy of 
elastic strain between adjacent crystal layers which 


differ in lattice constant. 


; 
. 


50M 


1. Dislocation etch-pits lving along growth striae in 


germanium-—6 at. per cent silicon singl ery stal. 


A section similar to that of Fig. 1, 
at higher magnification. 


Such dislocations have been observed in single 


crystals of germanium-6 at. per cent silicon, 
germanium—0.2 at. per cent tin, and germanium—0.2 at. 
per cent boron, but nof in germanium or silicon single 
crystals containing < ~10~4 at. per cent of solute. A 
section of a germanium-—6 at. per cent silicon crystal, 
in a (111) plane nearly parallel to the growth direction, 
is shown in Fig. 1. The surface has been ground and 
etched in CP-4, a mixture which reveals edge dis- 
locations in germanium alloys as etch-pits,”) and 
which, because etch-rate varies with composition, 
reveals fluctuations in silicon concentration as striae 
Note that: (a) 


the pits are distinctly lined up parallel to the striae, 


lying parallel to interface-positions. 


which is in accord with the reason advanced for their 
origin; (b) the rows tend to appear in pairs, which 
can be attributed to a rise, followed shortly bya fall in 
silicon concentration; and (c) the pits appear only at 
certain striae, which is presumably because dislo- 
cations are formed only if the concentration gradient 
exceeds a critical value related to the elastic strain 
required to form dislocations. As shown in Fig. 2, for 
another specimen at higher magnification the spacing 
and alignment of the etch-pits is less regular than in 
typical lineage boundaries in germanium.) 

A maximum value for the linear density, p, of edge 
dislocations arising from an abrupt change, AC, in 
solute concentration at the interface can be estimated 
by assuming that all of the macroscopic elastic strain 
Each 


relieves an elastic strain equal to the Burgers vector 6, 


is relieved by dislocations. edge dislocation 


which is (a/\/2) [110] for germanium. It is readily 
shown that if a change AC causes a change Aa, in 


lattice constant, p will be given by: 
p (AC) (day dc) (1/2 Ay") (1) 


where (da,/dc) is the change in lattice constant per 
unit change in solute concentration. For germanium- 


silicon alloys of low silicon content, day de is about 
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Ss TO 
per atomic per cent of silicon; 
0 for 5.6 LO Hence, 
a AC of 0.1 at. per cent silicon (which appears reason- 
able for these crystals) will produce according to 
Fig. 2 
shows a dislocation density of about 1400, and Fig. 1 
perhaps twice that. of this 
it appears that, at a discontinuity in solute concen- 


2.8 em 


and a germanium is Sem. 


equation (1), about 1200 dislocations per cm. 


From evidence kind 


tration of perhaps 0.1 at. per cent or more, an array of 


edge dislocations may be expected in germanium. 


Since edge dislocations materially lower carrier 


lifetime in germanium, arrays such as_ those 


described here may be the cause of the relatively low 
lifetimes observed in germanium-silicon alloys. We, 
G. Ellis,‘ at p-n 


junctions such as are produced by the alloy process. 


and also S. have observed them 


They should increase the saturation current and to 


some extent decrease storage of injected carriers at 
a p-n junction. 
microscale fluctuations solute 


In general, of 


concentration such as described here provide an 
effective mechanism for the formation of dislocations 
in crystals grown from the melt, even in the absence of 
macroscale segregation, which has previously been 
source of dislocations. 

wish to thank W. C. Ellis, D. 
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On Thermodynamical Analysis by 
Calorimetry Alone* 


Recently Oelsen, Schiirmann, and Heynert" 
have made a circumstantial and well-founded plea 
for “thermodynamical analysis” by a purely calori- 


metric method. It is based essentially on two simple 
facts: 
(i) The increase in entropy of a substance when 


heated (at constant pressure) from 7’, to 7’, is given 


THE EDITOR 


dH 

by where H is the enthalpy (heat content) 

and 7’ absolute temperature. This classical definition 

of entropy is valid irrespective ot whethe1 the sub- 

stance is heterogeneous at T; and/or 7. or somewhere 


in between, provided equilibrium is established 
everywhere. 

(ii) Ina binary two-phase or ternary three phase 
etc.) region, all thermodynamic quantities are linear 
functions of concentration 
cf. Fig. | 
of 7’ is measured between r, 
and for both 
but also AS and AG 


with rete rence to liquid 1 and B ut the sam 


functiol 


Hoasa 
and T’, for the mixture 


B, AH 


are known for the liquid mixture 


For example when 


components { and not only 


mpera 


ture. This method yields primarily the free e1 


and Hy CAN 


G The chemical potent ils wu 


obtained by differentiation of the “8 


several mixtures have been measured 


point out that two G values in two phase 


e.g. two liquids, as in Fig. 2) are sufficient for 
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| 

| 

without 


the 


concentrationt 


mining the activities of saturated solutions. 


precise knowledge of their concentrations. In 
case of Fig. 1, 
nN for example is sufficient for the chemical potentials 
in the two-phase region between and It 
remarked that the values of H and S of the 


also be calculated, 


even one measured 


may be 
saturated liquids E to C ean 
provided this liquidus curve itself is known. Suppose 
be assumed 


Then H, 8, 


7 for all concentrations bet ween 


that the specific heat c. of the liquid may 


to be linear with concentration (Kopp). 


and G are known at 


and Uy 


On the other hand, if an appreciable number of 


mixtures is measured. the detailed course of their 


H. T curves is not necessary, provided Kopp's rule 
ipplied and the liquidus curves? in the phase 
Then the 


curve of the liquid phase is independent of 7’, 


may he 


diagram are known. mixing enthalpy 


and 
combined with the phase diagram 
The 


counterpart of this, calculating the mixing enthalpy 


Its knowledge 


vields the and free-enthalpy data. 


entrop\ 


mixing 


often 


from the phase diagram and entropy 


ssumed to be Gibbsian—is carried out. 


However, complete “thermodynamical analysis” 


several mixtures makes Kopp s approximation 
constitutes an elegant 


The I 
that it is 


innecessary, and and _ self- 


‘ontained method. authors express well- 


istonishment not mentioned in 


founded 


textbooks on thermodynamics. The writer is only 


aware of a paper in Japanese™ which—judging 


from the abstract might perhaps treat the same 


method. Oelsen ef a/. also stress the advantage for 


instructive purposes of mixing A and B reversibly 


through the solid 


curves may 


applied™ in 


liquid region instead of using 


4, 


1956 
hypothetical semipermeable membranes, as in the 
Hoff Their 


with 


van't method. method ean also be 


systems intermediate phases 
(but no solid solutions). 

Systems w ith solid solutions are especially important 
But here difficulties arise, at least when 
solid solutions are still present after cooling, so that 


solid A solid B 


Oelsen ef al. propose to have recourse 


for alloy Ss. 


ho two-phase equilibria of, e.g., 
are obtained. 
to low-temperature calorimetry, using a tentatively 
extended version of Nernst’s theorem. The supposi- 


tion that an undercooled solid solution would have 


zero entropy at a Q cannot be correct, however. 


Alternatively, the authors propose supplementing 


their method by vapour-pressure or e.m.f. measure- 


ments. But it is just in cases where these 


measurements are not feasible that the “‘thermo- 


dynamical analysis” is most attractive. 

It seems to the writer that Oelsen’s method can be 
independently applied even in systems with solid 
This may be shown in Fig. 3, an example 
Ni). 


mixtures 


solutions. 


with complete solid miscibility (tvpe Cu 


Suppose the heat content of a number of 
ranging from a, to 2, is measured between 7’, and 7’,. 
At T. 
may he 


We 


range at all 


both H and WS are linear these 


functions ot 


chosen arbitrarily, as a reference basis. 


have H. this 


temperatures 


concentration 
T’, and 7’,. 


curve 


then and G in 
between 

It may be, for instance, that this piece ot G.a 
becomes concave at temperatures so low that diffusion 
Then we know that there is a 


is extremely slow. 


hidden) miscibility gap in the equilibrium diagram. 
In such a way, useful information could be obtained, 
with pure A and B not coming into the picture. To 
stress the completely nonstatistical nature of these 
may be remarked that it is 


the 


calorimetric methods, it 


not necessary to know atomic (or molecular) 


weights of A and B or even their identities, provided 
A-B is Working 


weights percentages and H, S, and G per kilogram 


really a binary system. with 


is just is good for arriving at conclusions on 
miscibility. 
The 


range vy Le in 
At 7, both H and S are known between x, and xy. 


thermody namically explored concentration 


Fic. 3 may be widened as follows. 


Linear extrapolation further yields these quantities 
the reference 
in this 


might be 


between a, and x,. and so furnishes 
1 

basis for H, S, and G between T’, and 

procedure 


and B. It 


without saying that experimental inaccuracies will 


concentration region. This 


both 


repeated at sides towards A goes 
grow rather rapidly with each linear extrapolation, 


but in principle this method is quite sound 
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LETTERS TO THE EDITOR 


The most obvious difficulties arise from segregation 


during solidification. Each alloy cooled from above 


the solidus curve will have a range of concentrations 


It is necessary to determine the difference in heat 
content between such a cored ingot and a homogeneous 
one obtained by annealing. In principle, this could 
be done directly in a calorimeter, but presumably 


an indirect method will be generally more feasible 


Koérber and Oelsen’s method could be used: liquid 
A (or a third substance) is poured into the calorimeter 
on the ingot, so that temporarily the whole content 
liquifies. By doing this, both with a cored and a 


homogenized ingot, in such a way that the com- 


positions are equal also after adding A, the necessary 
correction is obtained. The segregation in the two 
ingots solidified in the calorimeter will be practically 


equal and thus without influence. 

It thus appears that purely calorimetric thermo- equilibrium is preserved during compression. This 
dynamical analysis has an even wider field of method will have less practical value than the 
applicability than was described by Oelsen ef al. calorimetric one. But the underlying principles they 
themselves. have in common are shown somewhat more simply 


Finally, the writer wishes to point out that an OW!ng to the fact that volumes are more directly 


analogous method is possible, using pressure p and measurable than entropies 


volume v as variables. Fig. 4 shows a p, x diagram \LEIJERING 
Philips Research Laborato 


N.}) Philips Gloevam 


Eindhoven. Netherlands 


of a simple binary system at constant temperature 


above the melting-points of both A and 6 at normal 


pressure. These two components are assumed to 


contract on solidification: to be completely miscible 
in the liquid state and nonmiscible in the solid state 
(above the eutectic pressure p,). It is easily seen 
that the free enthalpy of mixing of a liquid mixture 
(Say mm) is obtained simply by graphical integration 
of the v, p curves of m, A, and 6, measured from 


normal pressure up to a pressure above p,, provided 
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SINGLE CRYSTAL ELASTIC CONSTANTS OF SILVER AND SILVER ALLOYS* 


R. BACON+ and CHARLES S. SMITH 


The elastic constants of single crystals of silver and of dilute allovs of Mg. Zn. 
silver have been measured by the ultrasonic pulse-echo method. For all solutes except 


large fractional decrease, upon alloying, in the shear constant (C, C’,,)/2. and a relatiy 
decrease in C,,. This result has been interpreted as indicating a decrease in the short-range crystal 
forces, because of a local weakening of nearest-neighbor repulsive bonds, and an increase in the long-rang 


electrostatic forces, because of the increase in the average ion-core charge. The two shear constants 


increase upon alloying with Pd, and a similar interpretation is not inconsistent with this result 


LES CONSTANTES ELASTIQUES DE MONOCRISTAUX D’ARGENT ET D’'ALLIAGES 
D ARGENT 

Les constantes élastiques de monocristaux d'argent et d’alliages d'argent a faibles teneurs en Mg, Zn, 
Pd, Cd, In et Sn ont été mesurées par la méthode d’écho d’impulsions ultrasoniques. Pour tous les 
éléments étudiés sauf Pd, on constate une diminution importante de la constante de cisaillement 
(C'\,-Cj2)/2 et une diminution relativement petite de C,, a la suite de la formation de ces alliages. Ce 
résultat est interprété comme indiquant une diminution de faces cristallines d’action & courte distance, 
a cause d'un affaiblissement des liaisons répulsives entre proches voisins, et une augmentation des 
forces électrostatiques d'action a longue distance, due a une augmentation de la charge moyenne des 
couches autour des ions. Les deux constantes de cisaillement augmentent lors de laddition de Pd et une 


interprétation similaire nest pas incompatible avec les résultats. 


DIE ELASTISCHEN KONSTANTEN VON EINKRISTALLEN AUS SILBER UND 
SILBERLEGIERUNGEN 

Mit der Ultraschall-Puls-Echo-Methode wurden die elastischen Konstanten von Einkristallen aus 
Silber und verdiinnten Legierungen von Mg, Zn, Pd, Cd, In und Sn in Silber gemessen. Abgesehen von 
Pd tritt beim Zulegieren eine starke relative Abnahme des Schubmoduls (C,,—C,,.)/2 und eine verhaltnis 
miassig schwache Abnahme von C,, auf. Dieses Ergebnis wurde interpretiert als Anzeichen fiir eine 
Abnahme der kurzreichenden Gitterkrafte aufgrund einer lokalen Verminderung der Abstossungskraft« 
zwischen nachsten Nachbarn und ein Anwachsen der weitreichenden elektrostatischen Krafte infolg: 

der Zunahme der mittleren Ladung der Lonenriimpfé Beim Zulegieren von Pd nehmen die 


Schubmoduln zu; eine ahnliche Interpretation ist mit diesem Ergebnis nicht im Widerspruch 


INTRODUCTION in a hvdrogen-atmosphere furnace by cooling throug! 
The elastic constants of single crystals of silver and the solidus point of > all The sampl 
several dilute alloys of silver have been measured as a positioned in the furnace 
part of a program aimed toward investigating the ture gradient, and i 
nature of crystal-binding forces. This paper is rod was screwed into the 


concerned primarily with the effect of alloving on the — crucible in order to inere 


two shear constants of silver. An interpretation of the The sample was exami 


experimental results is made in a manner similar to boundaries by etching t] 


that of previous investigations of one of th nate orientation 


+} 


1 9 


authors.(: O 
t | j the ervst 
EXPERIMENTAL PROCEDURI 
Single crystals of silver allovs were prepared, and rystal approximately 
their elastic constants measured, in the manner which Wn rasive wheel wit] 
has been described for copper alloys. the [110] direction 
Crystals of 2-in. diameter were grown from the melt el lapping block, the 
graphic paper until flat 
December . The longitudinal and th 
Formerly at Case Institute of Technology, ie velocities were then measured 
Ohio. Now at the National Carbon Company, ‘ are ultrasonic method. A ba reflection 
Laboratories, Cleveland, Ohio 
Case Institute of Technology. Cleveland, Ohio. 


ACTA METALLURGICA, VOL. 4, JULY 1956 


graph was made after etching in orde 


In. and Si 
Pd, there is a 
A 
G 
Bal - 
cle 
t t 
eres ist 
Laue phot 
pn 
Ob 
337 


exact orientation of the specimen faces, 4) and the 
elastic constants were calculated, using the approxi- 
mation method. The density of each alloy was 
obtained from X-ray lattice parameter data‘® along 
with the known chemical composition. The latter was 
obtained from chemical analyses, by the James H. 
Herron Company, of two slices of the crystal taken 
from each end of the specimen. The starting material 


was Handy and Harman “‘fine silver.” 


RESULTS 
values of the three elastic constants for pure 
and the different alloys are shown in Table 1. 
where Zener’s notation for the two shear constants. 
: 
( Cy, and ¢ Cay 
The absolute ac uracy for most of the numbers is felt 


has been used. 


to be within one-half of one per cent, whereas the 


relative 


accuracy should be better than this. The 


adiabatic bulk modulus for pure silver in Table 1 is 
about two-tenths per cent lower than that calculated 
isothermal bulk 


value” of the 


Bridgman’s 


rom 


modulus (5, 10® kg em-*) by 


the equi tion 


~ By (I 


where the cubical coefticient of thermal expansion is 


5.76 and the specific heat is 


C, 6.00 cal (mole-C 1 (8) |’ isthe molar volume, and 


7 is room temperature taken as 300°K. The value of 


B. obtained in this is 1.038 dyne cm 2. 


It will be seen from Table 1 that there is a decrease 


means of 


VOL. 4, 


in all three constants upon alloying in every case 
except that of Ag-Pd, where the solute is to the left of 


silver in the periodic table. A striking fact is that the 


fractional change in C” is greater than that of ( in 


every case. This qualitative result was previously 


and 


+ >») 


observed also in the case of the allovs of copper. 
the interpretation which was presented at that 


is now felt to be further justified. 


INTERPRETATION 
In the interpretation of the above results, it is 
assumed that there are only two important contri- 


butions to the shear constants C and C’, one arising 
the other from 
closed-shell 


the 


from. long-range electrostatic forces. 


short-range repulsive forces between 


ion cores. The elastic constants are obtained from 
crvstal-binding energy by taking the second derivative 
with respect to the appropriate strain. Any contri- 
butions to this energy other than the two mentioned 
above are assumed to depend only on the volume, and 
hence do not contribute to the shear constants. 

The long-range electrostatic contribution for both 
shear constants of FCC metals has been calculated by 
Fuchs,‘ 


charges 


using as a model a lattice of positive point 
His 


electrostatic 


imbedded in a uniform electron sea 


results, which may be termed the 


stiffnesses and C, , are 


0.9479(2e2/a4) O.LQ5S8(2 


where a is the lattice parameter. 

In this work with silver the ion-core stiffnesses (, 
and (, are then obtained by taking the difference 
between the measured st ffnesses and Fuchs’s electro- 
static stiffnesses. The resulting values for pure silver, 
in units of 10 dyne cm~, are: 

02044. C,;=0.1353 


O.OL75. 


0.1569, C, 


shear constant upon alloving is 


The 


presumed to be 


change in 
the 
2) The 


former depends on the square of the net ion charge, 


the result of changes in both 


long-range and the short-range stiffnesses. 
and it is hence assumed that the electrostatic stiffness 
for the alloy is equal to that for pure silver multiplied 
by an empirical parameter Z*, which is expected to be 
close to unity. The ion-core stiffness is proportional 
to the average short-range bond energy between pairs 
of ion cores. and the change in this stiffness is hence 
expected to be proportional to the concentration of 


The 


constant of proportionality has been designated yy x. 


solute x. so long as we are in the dilute range 


which should be a constant characteristic of 


particula ‘ solute element. 
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I Elasti« ts of silve i OVS mits o 

\t ? 
( ( B, 

‘) 0.4613 1.036 
oMe 3.07 0.4600 0.1498 90R 

4.00 O.4524 0.1462 0.964 
40) 0.4612 0.1484 1.032 

3.90 0.4577 0.1462 1.014 
ort 1.34 1.026 

\o] 8.36 0.24 0.4505 0.1379 0.982 
A os 917 14 O.458] 0.1437 
6.22 0.56 O.4809 0.1506 1.064 
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shear constants for the alloy will thus | 


xxv) are the vy 


from ¢ 


e the coefficients of Z* and (1 


fol pure silvei quoted above. If we subtract 


and (” the constants for pure silver, and then divid 
the latter, obtain the fractional change in ( 


by we 


1) 


0.11 (Z* 1) 


In the case of all the alloys for which C and C’ decrease, 
| 
negative number of the same order of magnitude as 
Z* 


terms show clearly that the equations (1) formally 


Is 


a small positive number, while a is a 
The relative sizes of the coefticients of these 


account for the large fractional decrease in C’ relative 
to that in C. 

It must be cautioned that there is a lattice para- 
meter change upon alloying, and that the values for 
pure silver must be corrected for this change, so that 
the of 


electrostatic 


result 


Is 


the 


in shear stiffness 


The 


stiffness due to lattice parameter change only may he 


the net change 


alloving alone. change in 


shown to be 


and the change in ion-core stiffness is approximately 
given by 
a 


The value 16 is an estimated value fon 


Born-Mayer repulsive potential 


The estimate has been made from Bridgman’s value 
of dB dP fer silver. 
by 


In the case of copper, r9/p has 
Huntington") 


Since any sort of calculation of this number vields a 


heen estimated to be about 


scmewhat higher value for silver than for copper, it 


was decided to use 16 in the case of silver. Strictly 


speaking, the fractional changes in C, and C,’ are only 


approximately given by r,/p times the fractional 


change in lattice parameter, but the differences are 
negligible in their effects on the parameters Z and z 

Thus the values for C,. after being 
corrected for change in lattice parameter, are intro 
duced into equations (1) along with the two measured 
constants for the alloy. and these equations are 


shear 
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Z 


working equations 


then solved fo and x. resulting 


Z- 


( 
BIG} 


fractional change in lattice paramete 


( ( 


where 


ble 2 


are listed in Ta 


for Z and « 

The accuracies claimed for the listed values of Z and 
x can best be indicated simply by saving that there is 
always some question about the last figure quoted 
Z* | 


when their magnitudes are 


relatively better know) 


As 


from 


and that and x are 


large a rule, it is true 


that conceivable errors aside errors 


any 
such as in chemical analysis) would cause less than 
10 per cent error in Z? l and » 

Two possible sources of error which deserve parti 
cular attention are the effect of long-range COM position 
gradients, and the eftect of short-range segregation 


The Nei 


Smith in connection with alloys of coppel 


und 


Briefly 


former has been discussed 1 ghbours 


since the acoustic velocity. as measured. is a bulk 


property, any variations in velocity owing to composi 
tion variations along the direction of wave propagation 
toa verv close \pproxim ition. to the 


This 


In spite ol 


will average out 


true value for the average Composition iverague 


composition Is felt to be well known the 


difference in found at ea 


In 


with 


composition 
Table |] 
the 


crystal the tom composition IS 


ilong ictual deviations from. the 


obtained trom the Wo chemic 


dev iations are not to be interpreted a 


tor 


the comy osition 


they are not randon 


oradient 
to result in the growing 
The exceptions are the 
2.40 per cent Zn allo 

the fa 


ct that there \ 


for by 
of the solute especially In 
cause a gradient of incre 


In 
+ 


composition never differs 


end any case tive 


mean value. and even if the 


considered as uncertainties 


Che spond 


posit lon 


Illes 


computed Vi 


under LO pel cent 


33 
given 
C44 
AC" A Ou 
| { 
\CA, Ou 
LA 1J1—160 
wal in 
= 034(2—- and is th 
VOL. 
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: 34+ per cent Cd al ad the 
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The presence of short-range segregation was inferred 
from observations of a wood-grain appearance on the 
sides of the crystal, and a series of ridges spaced about 
one-half millimeter apart on the polished face which 
appeared after etching (and in one case was just 
These 


obviously due to effects which extended through the 


visible before etching). ridges were quite 


entire crystal, and could be seen to correspond to the 


wood-grain ridges on the sides. They were in fact 


the cross-section of a series of strata parallel to (001) 


planes containing the |110| direction nearest the 


direction of crystal growth. They are quite possibly 


the “prismatic substructure’ observed by Rutter and 


Chalmers.{) 


The section of crystal which was used for velocity 
measurements Was always cut from a point near the 


lower end of the crystal where the wood-grain 


ippearance had not vet developed, and hence where 


impurity segregation was presumably not so severe 


probably because the lower end of the crystal was 


grown under a higher-temperature gradient than the 


upper end). The ridges usually, though not always, 


appeared upon etching. but in no case was the 


segregation severe enough to interfere with measure- 


ment of sound velocities. As has been pointed out,“ 


the acoustic attenuation is ver\ sensitive to such 


structure. 
DISCUSSION 


The remarks which follow first will be limited to 


solutes to the right of silver in the periodic table, that 
is. all except the Pd alloy, which will be discussed 
separately. 

An inspection of Table 2 shows that the parameter Z 
is nearly the same as the electron-atom ratio, (]. An 
extension of Fuchs’s idealized model for the pure metal 


empirical parameters Z and ~ for 


s computed from ecuations (2) 


q 
electron 


atom 


0.938 
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of positive point charges imbedded in a uniform sea 
of electrons would lead one to look for a mean-square 
ion-core charge for the alloy crystal. By assuming 
that each ion core has a charge (in units of e) equal to 
its valence, it can be shown”) that the proper mean- 
square charge is g?. Hence, as a first guess, we expect 
Z to be equal to g. On second guess it is known that 


the more highly charged solute ion cores will be 


partially screened by the valence electrons, so that Z 


will be somewhat less than g. This is indeed the case 
for all but the Zn allovs. This fact is also in qualitative 


9) 


agreement withthe previous results for copper alloys. ' 
which have been recalculated on the basis of the 
present empirical treatment of C, and C,’ and using 
more recent values"*) of the shear constants of pure 
copper. The copper results now show that Z is in 
every case equal to or less than " oie 

The values of x which appear in the table are all 
negative. This result implies a decrease in the ion-core 
contribution to the two shear constants, and implies a 
weakening of the repulsive ion-core forces. This is to 
be expected, since in every case the solute ions are 
smaller than the silver ions. It may be seen that in the 
alloy sequence Cd, In, Sn, in which the solute ion-ccre 
electron configuration is the same as for Ag, but the 
the values of x increase in 
off- 
hand expect a similar variation in x for the alloy 
Cd, Zn, Mg. While it is that the 


magnitude of x for both Zn and Mg is larger than that 


net charge is increasing, 


magnitude in a reasonable manner. We might 


sequence true 
for Cd, it is also true that the relative magnitudes for 
Zn and Mg are opposite to what one would expect on 
the basis of relative ion-core sizes. However. it is in 
agreement with the results for copper alloys, in which 
there was a decrease in the magnitude of x in going 
from Ga to Al and from Ge to Si. With these three 
pieces of evidence, we are led to the conclusion that the 
net charge and the number of electrons in the ion core 
are not the only important factors determining the 
magnitude of xz. We may speculate that the apparent 
anomaly in the relative effects of the solute element 
pairs Zn-Mg, Ga-Al, Ge-Si, on the shear constants of 
silver or copper, is due to the difference in the types of 
outer shell configuration. That is, in the case of Ag-Zn, 
the solvent-solute interaction is between two d-shells, 
while for Ag-Mg it is between d and p shells. and 
similarly for the other two pairs in the case of copper. 

In the case of Ag-Pd, the solute element (which 
has atomic number one less than silver) is expected 
to have its 5d shell at least partly filled when it is 


* This treatment of the ec ypper alloy data will be submitted 
tor publication to Acta Metallurgica. together with recent 
data for Cu-Ni alloys for comparison with our Ag-Pd results. 


2. he 
Slver alo 
Compo Change u 
per cent per cent ratio 
\oeMe 3.07 0.06 O.6 1.024 L.O8] 
7.33 0.15 0.4 L.O2S LOTS 
\oZ 2.40) 1.024 
3.93 0.16 2.4 1.044 1.035 
AgCd 1.34 O.1 L.O13 
1.02 O.10 0.3 LOS 
Agh 8.36 0.67 0.4 1.105 1.167 
Ags) 3.17 0.33 1.1 1.078 1.095 
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In 


ratio 


doing, it 
| 


introduced into a silver crystal. sO 
the 
and we hence expect Z to be less than 1.00. Similarly, 
the Pd to 


than that of silver, yielding a positive value for «. 


would reduce electron-atom below 


we expect ion core be somewhat larger 


These predictions are not strictly met, for « and 


both values are in the right direction relative to the 


| both turn out to be essentially zero. However, 


values for the alloying elements to the right of 
silver, and in this sense they fall into line with the 
present interpretation. There is considerable experi- 
mental uncertainty in the results for Pd, since the 
magnitudes of the increases in C and in C’ are such 
as to nearly cancel each other in their effects on 
the parameters Z and x. It seems pointless therefore 
to speculate on possible explanations for their values, 
especially in view of the fact that Pd. being a transi- 
tion element, does not lend itself to easy interpretation. 

Ii the shear constants for each of the three sets 
of alloys in which crystals of two different composition 
were used are plotted as a function of composition, 
it is found that the C’ constant extrapolates to zero 
composition reasonably well to the value for pure 
seems to extrapolate to a higher 


silver, whereas 


value. This discrepancy is about 1°,, and an experi- 
mental error of that magnitude for pure silver seems 
Furthermore, even if such an error were 
to for, 


would be an accompanying decrease in the adiabatic 


unlikely. 


assumed exist and were corrected there 


bulk modulus of pure silver by at least the same 
absolute magnitude as the increase in (, bringing 
B, at least four-tenths per cent lower than the value 


listed in Table 1. In view of the agreement of B. as 


reported with Bridgman’s measurement, and the fact 


that such an error seems unlikely in any case, it is 
believed that the value of C as reported is correct 

It is interesting, however, to speculate on the 
possibility that a low value of C is caused by dis- 
affect 


than C’. (The value of B, as measured by the present 


locations, which for some reason more 
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technique will not be affected by the presence of 


to 
Bradfield 


then 


dislocations.) Dislocations have been suggested 


for 
Pursey.“®) showing the 


the 


account results such as reported by 


and initial rise and 


fall in 


alloys as the solute concentration is increased from 


elastic moduli of polyerystalline copper 


zero. If such an effect is occurring in this investigation 


a correction for it would cause a lowering of the 


values of Z. 


thus not changing the interpretation advanced here 


while causing very little change in z, 


in a qualitative Way. It is felt, however, that an 
attempt TO ASSESS a possible dislocation effect quanti 
tatively is not justified with the present data, which 
were not planned for this purpose. A quantitative 
extrapolation would require data at high compositions 


which were avoided deliberately in this 
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STRUCTURE-DEPENDENT CHEMICAL REACTION AND NUCLEATION 
FRACTURE IN Cu,Au SINGLE CRYSTALS* 


R. BAKISH?* and W. D. ROBERTSON 


‘moval of copper from Cu,Au and tl 
hy 


of fractu ave been inve rat i gle crystals. Copper ts selectively removed 
chloride from imperfections originating during crystal growth. Selective removal of 

areas in slip clusters, apparently unrelated to growth imperfections. Under 

of reaction become nuclei of fracture cracks. Fracture propagates only in the 

and the chemical reagent. The fracture path is normal to the stress axis and inde 
rystallography, after initial nucleation occurring in areas of clustered slip bands. The fact 
fracture path is not a rational crystallographic plane indicates that deformation at the leading 
erack is highly complex. In accordance with the observed chemical activity localized in 
ers, possibly at sites of cross slip, it is proposed that fracture occurs as a result of the selective 


copper from the zone of complex deformation at the leading edge of the crack. 


REACTION CHIMIQUE DEPENDANT DE LA STRUCTURE ET NUCLEATION DE 
FRACTURE DANS LES MONOCRISTAUX DE Cu,Au 


Les phénomeénes associés de lélimination chimique (dépendant de la structure) du cuivre hors d 
Cu,Au dune part et la nucléation et croissance de fracture, d’autre part, ont été étudiés sur des mono 
cristaux. Par laction du chlorure ferrique, le cuivre contenu dans Cu,Au est sélectivement éliminé des 
défaut sui se sont formés au cours de la croissance des cristaux. Le méme phénomeéne se déroule égale 
ment dans des régions localisées de concentrations de glissements, qui apparemment ne sont nullement 
relevées aux détauts de croissance Sous laction dune tension appliquée, les deux types de régions 
deviennent d 
chimique \ 


fractwe est 1 mal a axe de tension et nest pas de nature cristallographique. Le fait que la fracture 


‘s amorces de fracture. Celle-ci se propage seulement sous tension et en présence du réactif 


res une amorce initiale dans certaines régions des bandes de glissement, le parcours de la 


ne se développe pas suivant un plan cristallographique indiaque que la déformation au front de fracture 
est trés complexe En accord avec lacitivité chimique observée dans les bandes de glissement, et 
peut-étre “cross-slips,” il est suggéré que la fissure résulte de lélimination sélective du cuivre hors de la 


zone de déformation complexe se trouvant au front de fracture. 


STRUKTUREMPFINDLICHE CHEMISCHE REAKTION UND KEIMBILDUNG 
DES BRUCHS IN Cu,Au-EINKRISTALLEN 

Die miteinander zusammenhangenden Erscheinungen der strukturempfindlichen chemischen Entfer 
nung von Kupfer aus Cu,Au sowie der Keimbildung und des Wachstums des Bruchs wurden an Ein 
kristalle intersucht. Aus Cu,Au wird—ausgehend von Fehlstellen, die wahrend des Kristall 
wachstums entstehen—Kupfer durch Ejisenchlorid selektiv gelést. Ein solches selektives Herauslése1 
des Kupfers erfolgt. offenbar ohne Zusammenhang mit den Wachstumsfehlern, auch von lokale: 
Bereichen in Gleitbandbiindeln aus. Unter einer angelegten Spannung werden beide Arten von Reaktions 
I] zu Keimen von Bruch-Anrissen. Der Bruch breitet sich nur bei Vorhandensein der Spannung 
Agens aus. Nach der anfanglichen, in Bereichen von gebiindelten Gleitbander 
mbildung ist die Ausbreitungsrichtung senkrecht zur Spannungsrichtung und unal 


<ristallographischen Verhaltnissen Die Tatsache, dass die Bruchausbreitung 


nicht i! 
cristallographischen Ebene erfolgt. zeigt, dass die Verformung der Rissfront ausse1 
In Ubereinstimmung mit der beobachteten, in Gleitbandbiindeln— mdglicher 


t Quergleitung—lokalisierten chemischen ktivitat wird vorgeschlagen. dass de 


der Zone komplexet Verformu g an der 


INTRODUCTION in plastically deformed Cu,Au, active sites are located 

An investigation of polycrystalline Cu,Au has in slip clusters, and the concentration of active sites 
shown that copper is preferentially removed from 1s greatest near grain boundaries and twin boundaries 
structural sites by ferric chloride. Active sites are Qualitatively, the intensity of reaction depends on the 
located at grain boundaries, incoherent twin bounda-  ™egnitude of imperfections: for example, the relative 
ries, and subgrain boundaries in annealed structures; Orientation of adjacent grains. The activity of 
specific sites appears to be an intrinsic chemical 

and structural property of the homogeneous solid 

solution, and it is not associated with precipitation. 


Because of the relatively high activity of grail 


The ~ t henomena of structure-dependent chemical re 

Cu 

ap] 

presence 

pence t 

that the 

edge ot t 

] ] 

slip clus 

hangig vo ler 

rdentliel 
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AND 


Houndaries and associated fracture under stress. 


it is difficult to study the nucleation and growth of 
active sites as they relate to crystallography and 
Accor- 


relative 


imperfections, other than grain boundaries. 
the 
chemical activity of various structural sites in single 
the 


dingly, a study has been made of 


crystals, together with associated nucleation 


and growth of fracture. 


Previous work in this field is limited to 


experiments on stress corrosion cracking of brass 


most of it precedes the development of a detailed 


understanding of crystal imperfections. 

Wasserman®) studied the fracture of alpha-brass 
single crystals in ammonia, and he found that fracture 
did not follow any identifiable crystallographic 
did, 
surface traces of slip planes. 
find 


and fracture; from the micrograph of this crystal it is 


plane: fracture however, appear to start at 


Edmunds) also did not 


any simple relation between crystallography 


evident that it was extermely inhomogeneous with 
respect to composition, and it had also been previously 
deformed by bending. 


f 


using well-homogenized crystals of 


dilute copper-phosphorus alloys, which are susceptible 
found no crystallographic 


that 


to failure in ammonia. 


dependence of fracture path except surface 


traces of slip planes were preferentially attacked 
in accordance with previous observations of Wasser- 
man; after duplex slip, the distribution of active 
sites was apparently quite uniform. 

Skorcheletti 4) that the time to 


and Titova’™ show 


failure of alpha-brass single crystals at constant 
stress is dependent on relative orientation of the slip 
plane to the axis of the specimen. However, no 
details of orientation are given and the reported 
stress dependence may be that of plastic deformation 
for differently oriented crystals. 

Priest, Beck, 


magnesium alloy 


6) 


and Fontana. working with a 


containing 6°, Al. 1°, Zn. and 
intergranulat 


0.2°.) Mn in an environment of 3°,, NaCl-3° 
that both and 


heat 


found transgranular 


cracking occurred, depending on treatment 


Transgranular fracture was associated with a grain 


ger than ASTM No. 7 and water-quenching 


from 345°C 
the 


size lar 
the fracture path appeared to follow 


basal plane. Metzger,” in independent 


investigation. also observed transgranular crac 


in the magnesium alloy However. 


latter 


same 
than the 


the 


investigation, planes other 


plane were found to contribute to propagation 
of fracture. 
The two preceding investigations 


cases in which the fracture path is reported to 
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AND |] 


should be 
that both are in an age-hardenable 
close-packed alloy. While there ar 
of fracture nucleated at 
detailed 


to have been made par 


related to cry Sti llography noted 


hex wonal 


suggestions 


surface traces of slip bands 


in alpha-brass, no structural observations 


appeal ticularly in the initial 


of deformation where nucleation of fracture 


may be associated with the structure, and distin 


guished from the growth, of a m roscopic Tracture 


To provide information regarding structure-depen 


dent chemical reactions and fracture. it is desirable 


to employ an alloy in which only one component 


environment und that 


films 


reacts with the system 


does not produce ypaque the later condition 


makes it possible to study the reaction under the 


microscope without subsequent polishing und poss} 


loss of evidene Copper-gold allovs und ferris 


chloride meet both these requirements und 


cordingly, the following aspects of the problem wer¢ 


rated with a homogeneous solid 


investig 
of composition corresponding to Cu,Au 
The effect of 


cracking susceptibility of Cu,Au single crystals 


order and disorder on. stress 


The preferential removal of 


coppel 


chloride from structural imperfections and 


associated ¢ MM position ola lients resulting rom 


crvstal crowth 


3. The removal of « ructul 


‘oppel sT 


produced pia 1c deformat 


perfections 
slip bands, and clusters of slip bands 


{ 


t. The relative activity o specific ervstallogt 
planes 
Nucleation and 
applied and residus 
reference cryst ul 
at the 


EXPERIMENTAL PROCEDURI 


from poly 
analysing 48.92 pe 


Au 


impurity content of 0.04 per cent (the latte: 


coppel 


hy spectrographic analysis 


tir} 


stals were grown 


throug! 


verlg 


pel how produced 


and a minimum | 


All crystals were subse 


h at to eliminate oncentration gradients 


Singl obtained in t disordered state by 


crystals were 


produce long-range 


vater quencl 


stages 
4 
yo 
| | 
tot 
the Bridgman tecl f 
a temperatu t w 
= + 
basal spacing ne ace structure 
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Orientation of crystal axes; 
) clisordered, | ) ordered. 
order, single crystals were quenched from 850°C 
in ice-water, after which they were held for 100 h at 
350°C, and cooled over a 100-h period to 250°C 
followed by quenching in ice-water. 

The back-reflection Laue technique developed by 
the 


orientation. White radiation from a copper target at 


(38) 


Greninger was used for 
20 kV and 12 milliamperes gave satisfactory patterns 
after 2 h exposure. 

For the purpose of studying the relation of fracture 
to crystallography, two planes, with a known angular 
relation, were ground by hand on cylindrical crystals. 
Because of the importance of surface conditions, 
special care was taken in the orinding operation to 
avoid distortion, and all surfaces were subsequently 
The 


orientations of the axes of the different cry stals used 


electropolished to remove strained material. 
in this work are indicated in Fig. | 

The study of nucleation and growth of cracks in 
single crystals was conducted with a specially con- 
following 


lead 


one 


structed machine Fig. 2) having the 


features: axial strain was applied through a 


screw device and gear-reduction train in which 


» for microscopic study of 


‘Onstant stra 


determination of 
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shaft 


10° in. The erystal was mounted in 


revolution of the driving corresponds to a 
movement of 5 
series with a compression spring, so that strain was 
controlled at all the 


growth of fracture cracks could be stopped at any 


times by lead screw, and the 
point within the limits of elastic strain of the machine 
bed, which was very small, or the stress-measuring 
dynamometer in series with the specimen, in which 
ease the elastic strain was defined by the sensitivity of 
a resistance strain gage. Specimens were mounted 
horizontally and could be observed and photographed 
with a microscope through a drop of ferric chloride 


while the stress was applied. It may be appropriate to 


emphasize here that a machine of this type is essential 


strain under the 


With 


control of the observer. it is possible to study the 


to the study of fracture. 


nucleation and growth of fracture at any instant 
without fracture becoming catastrophic as the section 
diminishes at constant load and increasing unit stress. 
EXPERIMENTAL RESULTS 

Plastic Deformation 

The elements of plastic deformation of ordered and 
disordered Cu,Au single crystals were redetermined, 
prior to fracture studies, as a means of evaluating 
crystal preparation and behavior under stress. Move- 
ment of the pole of the (111) plane over the stereo- 
graphic projection, followed in one crystal and 
checked by observations on slip traces in four other 
crystals, demonstrated the expected slip system of 
(111) {110}. The 


ordered and disordered crystals averaged 2.3 and 4.5 


critical resolved ‘shear stress of 
kg/mm?, respectively, in agreement with Sachs and 
Weerts™ and Ardley.“° 

A typical set of stress-strain diagrams is shown in 
Fig. 2. 


in ordered polycrystalline specimens,” and in single 


The intermittent type of plastic flow observed 


crystals,” was detected in the ordered single crystals, 
m Fic: 3: 


twinning 


indicated noise, similar to that 


as 1s 


accompanying tin, previously 


observed in ordered polycrystals when passing through 
the vield-point, was heard when the single crystals 
were in the “intermittent” flow range of. strain. 
Disorde) On 


Crystals 


Effe ct Orde) and Stress-C' rac king 


Susceptibility of CugAdu Single 


with polyerystalline specimens” 


that 


Experiments 


demonstrated intergranular fracture was not 


affected by long-range order. Before investigating 
nucleation and growth of fracture of single crystals, 
it was necessary to determine the significance of the 
For this 


ordered crvstals were loaded in a tensile test mzechine 


state of order. purpose, ordered and dis- 
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TaBLe |. Time for fracture of ordered and disordered 
single crystals of Cu,Au in ferric chloride 


Per cent of Time for 


Applied critical Time for 
load 


(pounds) 


drop In 
load 
(min) 


resolved fracture 


shear 


Condition 
(min) 


stress 


Ordered 
Ordered 
Ordered 5 
Disordered No failure 
in 240 
Disordered 
Disordered 3: 35 
Disordered 120 
Disordered 32 38 
Disordered 22 4 
Disordered + 


to 90 and 120 per cent of their respective critical 
resolved shear stresses, surrounded by ferric chloride, 
and the time for the first drop in load and for failure 
was observed. The data are given in Table 1. It 
appears quite certain that no significant difference 
exists between the fracture behavior of ordered and 
disordered states. Examination of the fracture also 
showed no evidence of a difference between the two 
states. It that 
related to the magnitude of stress relative to the 


is clear, however, fracture time is 
critical resolved shear stress and to the corresponding 
strain. It appears that plastic strain is a prerequisite 
for rapid fracture, a conclusion substantiated by 
subsequent work. The fact that failure occurred at 
of the 
probably due to the difficulty of mounting and 


%) per cent critical resolved shear stress is 
conducting the test in the total absence of local strain 
and imperfections arising from specimen preparation 
As a result of these experiments it was decided to 
conduct all subsequent investigations with crystals in 
the disordered state, as quenched from 850°C 

( ‘om position Gradic nts and Impe rfe ctions | ssociatle d 


with Crystal Growth 


Laue patterns of single crystals indicated a structure 
of subgrain boundaries with a maximum of about 2 deg 
Concentration gradients, associated 
that 


relative rotation. 
with subgrain boundaries in crystals were 
insufficiently homogenized, were revealed by etching 
polished sections. 

Immersion of an incompletely homogenized, dis 
ordered crystal in ferric chloride for three months 
resulted in the pattern of attack shown in Fig. 4, w hich 
is an etched cross-section of a single crystal. It is 
evident that copper has been preferentially removed 


from the subgrain boundaries and that the rate of 
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3. Typical stress-strain diagram for ordered and 
disordered single ervstals of Cu 


penetration in the boundaries is high, relative to the 
average rate through the crystal normal to its surface 
When a 


strained, subsequent to immersion, failure is initiated 


crystal containing these boundaries is 
at the subgrain boundaries. It appears very probable 
that the previous investigations with alpha-brass were 
influenced by this factor 


Obviously , cry stals of 


greater perfection are required, and metallographic 
evidence indicates that 150 hours at 850°C is sufficient 
to produce homogeneous cry stals, though the cry stallo 
graphic subboundaries are, of course. still present and 
microscopically visible 
It should be 


subboundary penetration seems to be related to thi 


oblique illumination 


emphasized at this point that the 


concentration gradient that is evident in Fig. 4 


Prolonged immersion of homogenized crystals it 


which concentration gradients were absent did not 


ntial solution 
boundari 
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5. Sites of chemical reaction in a slip cluster. 


P OOO 


result in subgrain boundary penetration, which was 


in accordance with the prey iously indicated conclusion 


that penetration is orientation-dependent and corre- 


pondingly small at low-angle boundaries. 
Application of ferric chloride to polished surfaces of 
unstrained Cu,Au single crystals resulted in reaction 
it randomly distributed small areas of circular form, 
very similar in appearance to those shown in Fig. 5, 
hut in the absence of strain. The number of these sites 
varied from one crystal to another, and they did not all 
ippear simultaneously with the application of the 
reagent: in one crystal, for example a few sites were 
detected in several minutes. and the number grew to 


forty-five in twenty minutes. Significantly, these 


point sites become crack nuclei after straining a few 


per cent (Fig. 6). Detailed analysis of the structure of 
was not made, but it 


these “point sites” seems very 


probable that they originate in the growth history of 
the crystals, particularly as the number and distri- 


sution varied widely from one crystal to another. 


of react 


300 
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It was considered possible that point sites are 
associated with the cell structure, particularly with 
points of intersection of boundaries. but no direct 


evidence in support of this hypothesis was observed. 


Reaction Sites Associated with Strain 


In order to distinguish growth imperfections from 
those produced by plastic deformation, microscopic 
areas of crystals that were free of the preceding 
“point sites” were chosen for the study of the inter- 
action of strain and chemical reaction. Crystals with 
flat. the 


microscope and the reagent was applied. 


polished surfaces were strained unde 


Sites of reaction appeared on the surface most 


immediately after application of the ferric chloride. 


These sites were invariably associated with the 


deformation structure and usually with slip clusters 
(Fig. 5). While occasional reaction sites appeared at 
single slip bands, a definite preference for slip clusters 
was observed. and the reaction was invariably 
localized at microscopic sites within the surface area 
of the slip cluster. 

No quantitative correlation was observed between 
the degree of strain and the magnitude of attack. In 
fact, one crystal was deformed 60°, without activating 


It is. of course, difficult 


the 


a significant number of sites. 
the 


to evaluate strain associated with micro- 
scopic processes observed; obviously, average strain is 
not very significant. A measure of microscopic strain, 
combined with observations of the present type. is 
required, but was not available; even more significant 
would be a measure of the degree of homogeneous 


strain characteristic of the range of “easy glide.” 


Relative Activity of Crystallographic Planes 


Further investigation demonstrated that the degree 
of attack was dependent on the specific crystallo- 
graphic plane of the reacting surface. A cry stal was 
prepared with one surface 3 deg from the (111) plane 
and the other 4 deg from the (110) plane. It 


observed that the surface parallel with the octahedral 


Was 


plane was essentially unreactive even after 4.5 per cent 
average strain, while the other was relatively active. 
To verify this observation, the entire crystal was 
immersed in ferric chloride for twenty-four hours, 
which is a picture of 


further 


with the result shown in Fig. 7. 


the surfaces as they appeared without 


polishing. To preclude possible galvanic protection 
of the relatively noble face by the active face, all 
surfaces except the (111) surface were masked with 
wax and the crystal was completely immersed in ferric 
After this additional period, 


not 


chloride for eight days. 


the (111) surface was significantly changed. 
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Fic. 7. Two faces of the same crystal after straining and immersion in ferric chlorick 


for twenty-four hours. 


This result is in complete accord with the work of 
Tragert and Robertson,“” which demonstrated that 
the (111) plane of copper is the only thermodynamiecally 
this 


stable plane, and all others revert to con- 


figuration in time by an etch-faceting process. It is 
interesting that the relative stability of the octahedral 
plane is preserved even after being crossed by slip 
traces. with the slip vector parallel to the plane of the 
surface There is evidence, however, that more 
sensitive and greatly prolonged etching would show 
sites of attack. apparently distributed at 


cliscrete 


random along slip traces.' 


Nites of Reaction and Fracture 


Each of the preceding sites of chemical activity 
hecomes the nucleus of a crack when stress is applied 
An early stage of the process of crack formation is 
shown in Fig. 8, where it is evident that cracks have 
originated in a slip cluster at discrete sites distributed 
along the traces of the cluster. As indicated in Fig. S. 
the general plane of the crack is normal to the principal 
axis of tension. 

Investigation of cracks produced on two polished 
surfaces at a known angle to each other, in six 
different disordered crystals of random orientation 


conclusively demonstrated that the plane of initial 


Left, (111) plane; 


right, (110) plane. 300 


crack growth is normal to the axis of tension and 


unrelated to any particular crystallographic plane 


The only observed exception occurred with a crystal 


having a (111) plane normal to the tensile axis in 


which fracture was initiated at a trace of the (111 


plane. Fig. 9 shows this particular configuration and 
the associated strain required to accommodate the 
extension of the crystal 

It may be conclusively stated that in the absence of 
growth imperfections, fracture is nucleated preferen 


tially within the volume of deformed material in 


Cracks nue 
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Fic. 9. Crack, perpendicular to the axis of tensile stress 
and coincident with a trace of a (111) plane; point sites of 
attack above and below crack and accommodation strain 
it both ends of crack. LOO 


slip cluster, and that the growth of a fracture surface 


is defined 1y the axis of tensile stress. Macroscopic 


fracture proceeds by growth of fracture cracks 


accompanied by local plastic deformation, which 
becomes complex as the stress pattern is changed by 
the presence of cracks: finally, isolated cracks join 
together and complete separation occurs. 

The process requires the simultaneous presence of 
stress and a chemical reaction removing at least one 
component of the alloy. In the absence of ferric 
chloride, the cry stals are normally ductile and they 


tae (111) {110 


observed — critical 


accordance with 


the 


slip 


deform in 


mechanism at previously 


resolved shear stress. In the presence of ferric chloride, 


active areas, associated either with “point sites” or 
with slip clusters, become crack nuclei that grow into 


macroscopic cracks. If the stress is maintained, 


brittle fracture occurs: the extent to which a normally 


Macroscopic fracture cracks and accommodation 
strain. LOO 
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ductile crystal cracks and fails in minutes is clearly 
shown in Fig. 10. If the ferric chloride is removed 
after initiation of a crack, the crystal deforms plasti- 
cally, and typical ductile failure occurs after extensive 
deformation and duplex slip. Brittle failure can also 
be prevented by galvanic protection with copper, as 
already shown for polyerystalline Cu,Au"). It seems 
clear that this effect results from the suppression of 
the solution of copper from the advancing crack by 
the imposed galvanic current derived from a copper 
anode, which is about 0.5 V more active than Cu,Au in 
ferric chloride. In the absence of point sites, plastic 
deformation is necessary to nucleate fracture, which 
then propagates at stresses small compared to the 
vield stress. 

Maintenance of applied stress is necessary for the 
propagation of cracks in single crystals. Residual 
stress associated with slip clusters in single crystals 
does not produce microscopically detectable cracks 
after prolonged immersion of strained crystals: in 
this respect, single crystals differ from polycrystalline 
aggregates, which fail under conditions of constrained 
plastic bending in the absence of additional stress. 
These 


associated 


contrasting results are almost certainly 


with the low level of residual stress in 
single crystals and, possibly, with the presence of the 
relatively more susceptible grain-boundary paths in 
the polverystal. 

The relative reactivity of the (111) and (110) faces 
is also evident in the relative cracking susceptibility 
of these two surfaces (Fig. 11). A considerable number 
of large cracks are present on the (110) plane, while 
the cracking of the (111) plane is limited to the slip 
clusters. 

DISCUSSION 

Copper is preferentially removed from sites produced 
in a relatively perfect crystal by plastic deformation, 
particularly in the volume of a slip cluster. Signifi- 
cantly, the whole volume of the cluster is not involved. 
but only regions of small cross-section (Fig. 5), 
leading from the external surface into the interior of 
the crystal along crystallographically defined direc- 
tions.“*) It has also been shown that if a structural 
path exists for the exit of copper from the interior, 
reaction slowly spreads into the matrix, normal to the 
reaction path, at a rate similar to that characteristic 
of the surface of a crystal: thus, the observed “pipe” 
is resolvable as a region of some width even though the 
dimensions of the initial structural path may be very 
small. The distribution of sites along surface traces of 
slip bands and slip clusters, and the observed segments 
of curved reaction paths parallel] to the octahedral 


plane inside the crystal,“* all indicate that copper is 


4 
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same sins 


Fic. . Cracks on two faces of the 


heing removed from strained regions that correspond 
to various arrays of dislocations. Similar phenomena 
have been observed previously as a result of plastic 
strain of different materials.“%. 14. 19) 

The simplest case is that in which the surface is 
parallel to a (111) plane and the slip vector lies in this 
plane. Movement of dislocations across the slip plane 
leave a_ relatively 
The 


seems to be in agreement with this. 


in homogeneous shear will 
evidence (Fig. 7) 


A (111) surface 


plane is not appreciably disturbed by slip traces, as 


undisturbed crystal behind. 


indicated by the complete absence of reaction with 
the after 


ferric chloride: also. absence of cracks 


prolonged immersion indicates that residual stresses 


must be of a very low magnitude. A more detailed 


investigation should be undertaken to verify that the 
crystal is indeed in the range of “easy glide”: however. 
it may be pointed out that Cu,Au in the disordered 
similar to alpha-brass, in everything 


state is 


except price, and that homogeneous slip is relatively 


easily obtained in the latter case.“® 


On the other hand, the corresponding (110) surface 


containing the slip step exhibits immediate and 


reaction, not confined to individually 


but 


extensive 


resolvable sites. distributed more or less con- 


tinuously along the length of slip clusters. Several 


reasons for the activity of slip traces on the (110) 


plane may be proposed, though none has been 


experimentally proved. It seems most probable that 
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the high activity is caused by complex strain associated 


the emergence of a slip step at the surface 


alternative explanations may be found in the activity 


with 


ol the exposed slip plane o1 the corner of the slip step 


Again. this 


resolvable cracks were not observed on 


surface after the removal of the stress which produced 


the plastic strain However. extensive cracking 


occurs if the stress Is maintained 
A more comple X problem is that of the discrete sites 


In a slip cluste! Fig ») In view of the evidence with 


respect to homogeneous shear, it is understandabl 


that single slip bands are not particularly active 


But, in a cluster of closely spaced slip bands (plane- 


dislocation interaction on parallel planes and poss 


cross slip"® are involved; both may contribute 


state of high internal stress Indeed, there is e) 


for a high level of chemical activity paralle 
intersection of two planes operating in ¢1 


In contormity with the high stress 


that results from intersecting dislocation 


The fact 


faulting 


lines 17 that sites of gh activitv remain 


after removal of external stress demonstrates that 


dislocation arrays are locked in positions originally 


defined by the operating shear stress. In a_ poly 


crystalline aggregate. grain boundaries act as barriers 


to the dislocations ind the evidence 


passage ol 


derived from a study of the annealing temperature 


necessary to reconstitute regions containing piled-up 


dislocations, and thereby lower the chemical activity, 


st ft 11] cht, ( 
A 


AXIS 


Stre: 


shows that a temperature 


recrystallization is necessary (800°C) and 100 h): 


in other words, a range where diffusion is significant 
is required. Thus, while there is undoubtedly some 
relaxation, it seems probable that the major part of 
the disorganization 


complex slip is 


that 


produced by 


permanent at a temperature below where 


diffusion is important in the alloy in question. 


The preceding discussion concerns the location and 


relative activity of various reaction sites in the absence 


of a continuously applied stress. [f, and when, an 


axial tensile stress is applied, the identical sites 


become centers from which cracks develop. Cracks 


appear almost immediately after applying ferric 


chloride and, on the other hand, do not appear in the 


absence of ferric chloride. It seems, therefore. that 


two stages of the process may be clearly differentiated: 
nucleation of a crack and growth of a fracture path. 
The preferential nucleation of cracks in slip clusters, 


in the absence of “point sites.’ is indicative of fracture 


initiated at a site of stress concentration. However. 


in the present case, the stress concentration, shown by 
its high level of chemical activity, is not sufficient to 


produce a stable crack in the absence of chemical 


reaction. It is probable that a sufficient number of 


dislocations cannot be concentrated in a face-centered 


cubic single crystal to initiate spontaneous fracture, a 
number estimated by Stroh[@® to be LOOO. 
On the other hand. given a reaction site to start the 


and a medium preferentially removing one 


Drocess 


an alloy. it is almost certain that 


the 


component ot 


reaction proceeds rapidly at leading edge ot a 


rowing crack, at which point the stress is a maximum 


ind inversely proportional to the square root of the 


radius of curvature at the crack tip."* Extensive 


with numerous 


that 


experiments crystals of varying 


orientation demonstrated initial crack growth 


is invariably normal to the axis of tensile stress and. 


vccordingly, independent of crystallography: — this 


feature of crack growth is in conformity with a 


principal stress-reaction site mechanism rather than 
crystallographic array 


After a 


a path of growth defined bya 


ot dislocations or a cleavage plane erack 


and time in the range of 


VOL 
has grown some distance, defined by strain imposed 


by the machine used in the present experiments 
the general line of the crack deviates from a transverss 
path at both ends: the shape of such cracks is show) 
in Fig. 12 
combination of 
fact. 


to Mott, may be made by cutting through the cente 


This typical crack-shape may be reproduced 


by a axial tensile stress and shear 


] 


stress; in a simple demonstration, attributed 


of a sheet of paper and applying both a_ tensile 


and a shear stress which 


the 


normal to the cut 


Stress 


will produce essentially form of crack growth 
observed. 

That chemical reaction is a necessary part of the 
mechanism in the present case is shown by the fact 
that. from the 


the 


when ferric chloride is removed 


cracked crystal and stress reapplied, cry stal 
deforms in a ductile manner, modified by the presence 
of pre-existing cracks. Furthermore, when a_ strip 
of copper is attached to the crystal and ferric chloride 
introduced between the two. copper is removed 
from the pure copper strip instead of Cu,Au, and 
no fracture is nucleated; immediately after removal 
of the copper, the crystal fails. 

Summarizing the preceding results with respect te 
the mechanism of stress corrosion cracking, it appears 
that brittle fracture in ductile crystals is nucleated at 
sites produced by plastic deformation, sites apparently 
associated with blocked arrays of dislocations arising 
from complex deformation. However, cracks do not 
grow under stress in the absence of a reacting medium 
the 


conditions: (1) the 


Orowan has suggested two possibilities for 


crowth of a crack under these 


crack-tip has a high free energy with respect to the 


environment as a result of inherent structural or 


com positional conditions, such as a_ precipitated 


phase and/or a structural boundary: (2) in advance of 


the moving crack there is a volume of plastically 


deformed crystal that is chemically active as a result 
Priest, Beck. 


a moving picture of the process, 


ot deformation. and Fontana‘® have 


in fact shown, by 


that a plastic wave precedes a growing fracture crack 
in a magnesium alloy. 


as this work is concerned with single 


crystals, only the latter hypothesis is involved. The 
function of plastic deformation in producing active 


sites of reaction has been demonstrated: it has als 


heen shown that cracks grow normal to the principal 


tensile stress. It seems apparent, therefore, that 


plastic deformation in advance of a crack, propagating 
under a localized stress concentration of the order cf 
times the stress?) in a nonrational 
crystallographic direction, must proceed in a highly 


three average 


complex manner: and accordingly an extremely 
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disorganized volume of material of high chemical appears that sufficient stress cannot be concentrat 


wctivity is produced, a face-centered cubic ervstal to produce a st 
The function of chemical reaction is, then. to crack in the absence of chemical removal 


alloy 


dissolve the plastically deformed and disorganized — one component of th 


material at the leading edge of a crack. The rate of 7. Under applied stress, cr: 
advance of a crack is defined by the rate of solution of | determined by chemical activity of a 


the particular alloy in a given environment: depending organized volume of plastically deformed 
on the alloy and the environment. one or both com- advance of the leading ed f a crack 
ponents may be dissolved by the corrosive reagent. miniinum stresses 
Stress and plastic deformation are not, however,  corrosion-rupture tests proba 
sufficient to cause corrosion-cracking in a ductile minimum stress necessary for local plastic def 
crystal, since a pure metal crystal does not fracture in 

this manner. Given the necessary structural character- \CKNOWLEDGMENTS 


istics of a crack nucleus, it appears that an additional 
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1. A redetermination of the critical resolved shea 
pt rmitted for any purpose of 


stress of ordered and disordered Cu.Au has shown 
Government 


that the values are 2.2 and 4.5 kg mm? respectively 


are in accordance with previous determinations REFERENCES 


ane Copper is selectively removed by ferric chloride 
from Cu,Au single crystals at imperfections originating 
during crystal growth and from imperfection centers 
located in slip clusters produced by plastic strain: 
the latter are apparently associated with blocked 
of dislocations. 

3. In the absence of growth imperfections, the 
imperfection centers located in slip clusters become 
nuclei of fracture cracks. 

$. Under applied stress. cracks nucleated at 
reaction sites grow normal to the axis of the principa 
tensile stress during the initial stages of crack growth 

5. Residual stresses, present in a_ plastically 
deformed single crystal, do not produce a micro- 
scopically observable crack. 

6. A chemical reaction is necessary for the growth of 

fracture crack in the present ductile crystals: it 
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THE BAUSCHINGER EFFECT IN SUPER-PURE ALUMINUM 
SINGLE CRYSTALS AND POLYCRYSTALS* 
S. N. BUCKLEY?t and K. M. ENTWISTLE?T 


The Bauschinger effect has been investigated in both polycrystalline and single-crystal specimens of 
99.996°, aluminum stressed uniaxially in tension and compression. The magnitude of the effect, 
defined as the difference between the plastic strains in the forward and reverse directions at a constant 
fractional stress level, has been found to be uniquely related to the degree of strain hardening induced 
during prestrain, both in single erystals and polyerystals. In the former case the results become inde 
pendent of the orientation of the crystal if they are expressed in terms of resolved shear stress and glide 
strain along the line of prestrain slip. The rate of increase of Bauschinger effect with prestress is high 
in the easy glide range in single crystals, and falls sharply at the easy glide limit to a much lower value 
which is about one-fifteenth of this and about half of the corresponding rate of increase in polyerystals. 
The easy-glide behavior gives rise to a larger Bauschinger effect in single crystals than in polycrystals 
for low prestresses, but at higher stresses than those used in this work the polverystalline effect is likely 
to be greater. 


Two dislocation redistribution processes which can give rise to a Bauschinger effect are outlined. 


BAUSCHINGER DANS LES MONO- ET POLYCRISTAUX D°’ALUMINIUM 
DE HAUTE PURETE 

L’effet Bauschinger a été étudié sur des échantillons poly- et monocristallins d’aluminium trés pur 
(99,996°,,) déformés unixiallement en traction et compression. Dans les deux cas, on a trouvé que la 
grandeur de cet effet définie comme la différence des déformations plastiques respectivement dans les 
directions avant et arriére pour un niveau constant de tension est uniquement relié au degré de con- 
solidation créé au cours de la déformation préalable. 

Dans le cas des monocristaux, les résultats sont indépendants de lorientation du cristal, si on les 
exprime en fonction de la tension critique de cisaillement et de la déformation le long du glissement 
di a la déformation préalalbe. La vitesse d’accroissement de leffet Bauschinger avec la tension pré 
alable est grande dans le domaine du glissement facile pour les monocristaux et elle diminue brusquement 
i la limite de ce domaine. Cette vitesse tombe ainsi a 1/15 de sa valeur et vaut a peu prés la moitié de 
la vitesse d’accroissement correspondante dans les polycristaux. Pour de faibles tensions préalables, le 
gl ssement facile donne lieu a un effet Bauschinger plus grand dans les monocristaux que dans les 
polveristaux. Mais a des tensions plus élevées que celles insérées dans ce travail, les polycristaux 
présentent un effet plus grand. 


Deux processus de redistribution de dislocations qui peuvent donner lieu a Veffet Bauschinger sont 


B AUSCHINGEREFFEKT IN EIN- UND VIELKRISTALLEN AUS 
REINSTALUMINIUM 
Bauschingereffekt sowohl in vielkristallinen als auch in einkristallinen Proben aus 
ium 99,996°, unter einachsiger Zug- und Druckbeanspruchung untersucht. Es wurde gefunden, 
, ‘n die Grosse des Effekts, definiert als die Differenz zwischen den plastischen Verfor 


warts- und Riickwartsrichtung bei konstantem Spannungsverhaltnis, eindeutig mit der 


mung hervorgerufenen Verfestigung zusammenhangt. In Ejinkristalle) 
Kristallorientierung unabhangig. wenn man es in Schubspannung und 
ler Vorverformung betatigte Gleitsystem, ausdriickt. Der Anstieg 

in Ein allen im easy-glide-Bereich gross und nimmt 

iedrigeren Wert ab, der etwa ein Fii 


ntsprechence 


en in Einkristallen 


INTRODUCTION ance to compression Later work by Masing®:- 

observed that the strain hardening und others: 6 7. has established that this 
lly deformed steel as directional, and phenomenon, the Bauschinger effect, is evident 
example, an annealed rod which had _ in a wide range of polycrystalline metals, and indeed 


heen overstrained in tension exhibited increased is now regarded as an intrinsic feature of the strain- 
resistance to a tensile stress but reduced resist- hardening process. 

Masing™® has suggested that the effect could 

be explained by the development of a_ residual 


intergranular stress system, assisting a reverse 


deerits. 
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AND 


stress, and arising from the heterogeneous deformation 
This 


pattern of an aggregate of anisotropic grains. 
accepted, 


view was unti 


the 


fairly 
of by Sachs 
and Shoji of a large Bauschinger effect in single 
crystals of to 


the high elastic anisotropy of this material. However. 


recently widely 


even in face conflicting evidence 


alpha-brass—which was ascribed 


o 


STRESS 


STRAIN 


an estimate by Woolley predicts that Heyn stresses 
for of 
polycrystals. No precise 

be to this 


The results of Sachs and Shoji, fon 


can account 


effect 


at most one-tenth the observed 


in measurements 


appear to available check prediction 


example, ar 
not free from objection on account of possible com- 


position gradients in their crystals, and although 
ol 


reported 


appreciable effects in single iron,“* 


13, 14) 


cry stals 


cadmium, and zinc! have been 


no 


parallel measurements on polyerystals were made 


by their investigators. 


CON) 


The present work had as its first objective a 


parison between the sing| 


effect 
crystal and polycrystalline specimens of 99.996 


Bauschinger in 


stressed in uniaxial tension and 


The 


precise 


pure aluminum, 


compression. indicated that. 
difficult, 


certain circumstances the single-crystal effect could 


early results 


although is unde! 


comparison 


be predominant, and most of the work to be described 


was devoted to it. 


in particular the variation of 


Bauschinger strain with crystal orientation and 


pric deformation. 


QUANTITATIVE DESCRIPTION OF 
BAUSCHINGER EFFECT 


THE 


The 


overstrained 


describes the existence 


effect 
metal 


Bauschinger 


in of different stress-strain 


ENTWISTLE: 


BAUS( 


HINGER EFFECT 
loading in the 
hand 
The parameter used 
the 
in Fig. 1, 
fol 


curves obtained on the one hand by 


direction of overstrain and on the other with 


loads in the reverse direction 


in the present work to express magnitude of 


which shows a 


the 


this difference is defined 


tvpical stress-strain histor) tests to he 


described. 


An 
ob \t h the prestress Lille 


\ 


Lnnealed specimen 


unloaded 


and the tensile stress is r¢ he same 


vpplied to t 
After 


OMLpressiol 


giving the curve ch unloading 
stressed 
curve 


{ 


the 


cdittere 


sured by 


chosen 


4] 
nere Is eltner 


eliminates ambig 
alway 


ex cee led 


fol the difference 


Is not important 
The definition of 


but differs 


slightly 


the anisotropy of the un ed specimen 


>} values will be creater, since tl 


the small but measurable inelastic strain 


with removal of the prestress 


It is Important to note that because the sh 


ipe ol 


cd aries 


in the 


apparent Bau 


complex mannet 
schinger behavio1 depends on the value of n selected 


However, /. is found to be 


in vcceptabl measure ol 


the Bauschinget effect. since the general conclusions 


o= <a 
| t 
- 
B. Tene, 
/ 
KI 
| } @#laxia 
A 
it 
] 
is Bauschinger strai di 
\\ 


selected. at 
| No 


fely to describe 


single paramete: 


the Bauschinge 
evident only prestress level. 
‘p strains of about 10! if the total plastic 

-at normal testing rates. Consequent 
claimed to be small. 


and cb’, 


value of p. are 


) is the difference between cd both 


f which suffer « reep modification. The compensation 


is not complete. however. since the reverse creep 


was observed to be higher than the forward rate 


| No creep Was detected and no error 


EXPERIMENTAL METHOD 


pplication and Measure ment of Strain 


In the present work the spurious Jauschinger 
effect associated with macroscopically inhomogeneous 
strain was in principle avoided by stressing cvlinders 
mn uniaxial tension and compression. The 
SUCCESS Woolley 


unsuited to 
the 


torsion 


f thin-walled tubes. used with 


for polyerys basically single- 


rystal tests. and Kochendorfe1 


ot strainmg ( produce homogeneous 


in Some doubt D\ the work ot Read Ls and 


16 


and Honeycombe 


( ompl x stresses almost inv: riably 


ily strained specimens from eithet 


frictional consti hn col pression 


to radia] expansion i 


rv the support trom the understressed undeformed 


in headed specimens Influence from = such 


was reduced te ‘ghgible proportions by 


specimens ith a uniform cylindrical section 


e times its diameter and by 


a gage-leneth of not mor 


of the length of the cylinder 


The specimens were strained in tensile testing 


ichine fitted with axial loading shackles. which 


ere designed to allow free rotation of the specimen 


during test and so to prevent the generation of 


The load w 


deflection which it produced 


torsional as measured from the 


STTeSSes 
at the mid-point ot a 
Headed 


specimens were gripped in split collets. 


simply supported elastic beam tensile 


and com- 
pression specimens were strained between accurately 
faced and aligned plungers. All strain measurements 


were made over a gage-leneth of about $ in. with 


two light-weight mirror extensometers of the Martens 
tvpe fixed to the specimen at diametrically opposite 
points, and the associated optical system was arranged 


to indicate the mean strain which is equal to that 


specimen axis A mean-strain diffe 


could he detecte 1. 


The calibration of the extensometers and 


4 


degree of nonaxiality of the applied load were investi- 
with an interferometric device 
The 


elongation vas 


gated simultaneously 
‘ates the axial and bending strains 
measured at | 


100 deg/in.. 


bending 


never greater than | which corresponds 


to a Maximum bending strain of less than 1°, of the 


strain on the axis. No correction has therefore beet 


made for it. 


Sp Ciel Preparation and Material 


SP. chosen 


aluminum of purity was 


for the experiments on account of its high purity, 


absence of strain aging, low elastic anisotropy, 


and reasonably low rate ofl recovery at room 


temperature. 


Cylindrical polycrystalline specimens were vacuum- 


cast into chilled graphite molds. Single crystals of 


) 


either 0.5-in. or 0.65-in. diameter and up to 12-in. long 


were grown by controlled solidification from the 


melt. again in vacuo. and could be used to give 


specimens of identical orientation 


Initial tests were made with headed specimens 


prepared from the 0.65-in. diameter rods 1 recaducing 
.4-1n 


the center section down to electrolytic 


dey ise | to reduce 
Du 


the 


An alternative method 


was 
the time taken for specimen preparation humin 


shellac 


iter ‘ns 


end-pieces were honded with 
of the 12-in 


strain. conmipression evlinders were part 


cry stals (Fig. 2 and 


electrolytically or with a jeweller s saw. The 


ot the specimen were lapped parallel to each 
to the axis to within 20 sec of 


and normal 


preserve axial loading 

All specimens were annealed in vacuo for 24 hours 
at 620°C and then electropolished ina 10°, perchloric 
icid-acetic “aid electrolyte immediately hefore pre- 
straining 

Occasional cry stals. 


the 


which were presumed to have 


been strained in mold, showed a compression 


curve consistently above the tensile curve in the 


nominally undeformed condition even after annealing 
at 620°C and _ electropolishing Fig. 3 is typical, 


and implies a residual Bauschinger effect from a 


compressive prestrain, which is unexpected; but so 
far as the present work is concerned, all the results 
quoted are for crystals which showed no such ani- 


sotropy and were presumably not strained in growth. 


Principal 
O.0005°,. 


impurities: Si “e 
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ire coll cted l! 


each on a different specime! 
he relation between the B 
prestrain It 
relation between prestress o 
ibout 0.1°, prestrain for equal té 
This has previously been reported by 
for » f. but to be valid only for prestt 
bout 1°, shear, corresponding to an 


tensile strain of about 0.5 


Fic. 2 


Form and dimensions of headed specimens 


Long eryvstal with duralumin end-piece 


ni of compression specimens |! and 2 


PRESTRESS 


Clearly the direct and reverse stress-strain curves 
give a sensitive indication of freedom from internal 
strains. 
RESULTS 
All the measurements of Bauschinger strain quoted 
2 6 


in this section were obtained in compression following 
BAUSCHINGER STRAIN 


tensile prestrain. Other measurements on headed 
specimens have confirmed that similar conclusions 
are reached with compressive prestrains 

\ plot of the form of the 


terms of log / against lo 


-2 


simple equation can be 


shape was observed to vary 


gm mm 


. fact consistent with the forn 


jie ¢ ystals 


The values of A, and 7,. the 


the specimen axis and the 


and primary slip plane respectively, were mx 


SHEAR STRESS 


by the Laue back-reflection X-1 L\ method wna 

| 1 used to compute the resolved shear stress 
O:l O-2 
GLIDE STRAIN 


operative [110] direction, using the usual 


Stress-strain curves in tension and compress 
dentiecal specimens sectioned from the same su 


he as-grown and annealed condition. where ¢ is the nominal stress 


2 Poly: 
Results 4 oof a seri f test 
tnd unit 
Wooll 
| Lith ) \ 
GAUGE 
‘s 10 
j2 in E 
o 
| 8 / 
; 
2 
4 
6 
lin / 
i 
4 
8 
-4 
x 10 
reverse ST] 1? ll 
Fig. 5). shows that 
the curves in Fig. 4 
4 TENSION 
initial angles betwee 
primary slip direction 
| 
sin ¥ Cos 
| 
cr sta 11 T 


METAL 


Instantaneous values of y were deduced from Zo» 


using 
SIN Zo 
sin 7 


where /,/], is the ratio of current to initial length. 


1/°0 
The glide prestrains were calculated from 


COS Ag 


sin 7. 


were calculated 


later, that they 


The 
on the 


Bauschinger glide strains a 
assumption, in part justified 
operated in the reverse direction to the prestrain 


and therefore. because of the small 


strains involved. could be derived from a F =. 
Sin COs 


Fic. 
(a) elation between stress and the diffe ence bet ween the 
forward and reverse 
(b) Relation 
between the 


strains for polycrystalline aluminum. 
and the dif- 
reverse glide strains 


between resolved shear stress 


ference (a forward and 
for an aluminum single ery stal prestressed above the easy. 


glide limit. 
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Fic. 6. Stereogram showing the orientation of the ervstals 


for which results are given in Figs. 7 and 8. 


and A are assumed constant and equal 


where 7 

to the values obtaining at the end of the prestrain, 

and ¢ is the axial plastic strain. 
The range of orientation of the crystals tested is 


given in the stereogram of Fig. 6. In contrast to 


the behavior of aluminum of commercial purity, 


the relation between resolved shear stress and glide 
strain for super-pure aluminum is not unique, and 
depends an crystal orientation. Thus for crystals 
and 10, the {110 


the initial part of the curve shows a low and constant 


such as 9 with axes near pole, 


rate of hardening, which is the region of “‘easy glide” 


and persists up toa critical stress +*. hevond which 


the rate of hardening increases sharply. Less favour- 


ably oriented crystals, for example 4, show highet 


hardening rates in the easy-glide range, so that 7* 


is attained at very small strains, and the range of 


easy glide is often in consequence imperceptible. 
Fig. 7 the 


strain as a function of prestrain in five specimens of 


shows magnitude of the Bauschinger 
identical orientation, corresponding to point 5 in 
the stereogram, and each given different prestrains 
some within and others beyond the limit of easy 
glide. The specimens were cut from two long crystals, 
the second seeded with a part of the first. The rate 
of increase of a, is high in the easy-glide range and 
drops to about one-fifteenth beyond it. 

number of similar tests on 


Information from a 


crystals of orientations shown in Fig. 6 is given 
in Fig. 8. All the ra 
irrespective of orientation and prestrain, fall on a 


the 


Bauschinger glide strains a 


single curve when plotted against Ar, increase 
of yield-point above that of the unstrained crystal. 
The curve gives some support to the suggestion that 
the reverse strain operates on the same crystallographic 


plane but in the opposite direction to the prestrain, 
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and, further, shows a rapid rate of increase of a, The shape of the plastic component 
in the easy-glide range, and a sharp transition to a reverse strain curve for prestresses 


reduced rate at a point which closely corresponds contorms to a close approximation TO 


to the stress at the easy-glide limit. The form of the e Fig. 5 
Kor prestress within the easy-glide range the shape 


is markedly different from this. The curve i Imost 


for x ;. The important conclusion is reached, linear above a fairly well defined stress and up 1 


curve depends on the value of n, but the high rate 
of increase in the easy-glide range is still evident 
therefore, that the Bauschiiger glide strain measured — prestress value 

at a constant fractional resolved shear-stress level The difference of shape in the two reg 
if strain-hardening the difference between the curves for 


in Fig 


is uniquely related to the degree 


generated during prestraining. 


SINGLE CRYSTAL 


4 


DURING 
gm 


Fic, 

Relation bet ween degree of shear strain 
hardening developed during prestrain and the 
Bauschinger glide strain for ervstals of orien 
tation shown in Fig. 6. Closed circles are a 
and open circles a 


The polyerystalline curve, shown for com 


HARDENING 


parison, is a replot of Fig. 5(a) after the axial 


PRESTRAIN 


stresses and strains have been resolved in the 
direction sin COs 1/3.1. 


STRAIN 
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Surface Ohservations 


Observations with an optical microscope of the 


surface of prestrained during reverse 


failed to 


specimens 


straining reveal any changes which 


might indicate the location of the Bauschinge 


strain 
The surface slip which developed in individual 


grains of a polyerystal during prestraining was 


always operative on at least two sets of planes, 


and for small prestrains was visible in only a few 
crystals. Specimens from which the slip lines gene- 
rated during prestrain had been removed by electro- 
polishing showed no evidence of slip during compressive 
straining until the stress was very near the prestress 
value 7’. No slip bands were detected until the later 
stages of prestrain of electropolished single cry stals. 
when both coarse-slip bands (~2000 A) and fine-slip 
were evident. Crystals from which the prestrain 
markings had been electropolished (proved to be 
without detectable influence on the Bauschinger 
strain) developed no indication of slip during reverse 
stress below 7’. Further tests using the multiple-beam 
interferometric technique showed that the slip bands 
which developed above 7 were located between 
the prestress bands, and possibly correspond to the 
increase Of slip-band density induced by continued 
tensile prestress above 7’. As such they are not 
necessarily part of the Bauschinger effect. 

It is of that Bau- 


(about 


the maximum 
this 


interest to note 
clide 


or one-tenth of the prestrain) could easily 


schinge) strain observed in work 
O.0025 
a reasonable density of slip 


height 


be accommodated by 


bands each with steps helow resolvable 


DISCUSSION 


It is possible to make only an indirect comparison 
the polycrystalline results and the most 
Wi volley 9 
If the 


work are 


petTween 
equivalent figures of 


different 


published 


( losely 
kinds of straining. 


the 


the 


hecause of 


ixial stresses and strains in present 


translated into maximum shear stresses and strains. 
ind these figures are used to derive p. the ratio used 
by Woolley to specify his results, a figure of 3.8 is 
obtained. which is in good agreement with the range 
of 3.7 to 4.3 quoted by him.” 

A similar kind of difficulty is presented in any 
comparison between single-crystal and polycrystalline 
measurements: however, for this purpose, the axial 
stresses and strains of the polycrystal measurements 
have been resolved into equivalent shear stresses 
und glide strains along the direction considered by 


Taylor 


to represent an average slip direction for 


the crystals of the aggregate, namely sin 7 cos 4 


curve derived on this basis is show 


The Ar ay 
with the single-crystal curve in Fig. 8, 
that the 


the single-cry stal effect exceeds that in polverystals 


and it is 


apparent within stress range investigated 


However, the order appears likely to be reversed at 


Bauschinger glide strains above about 4 10-3 
hbeeause of the steeper polyerystal curve compared 
to the single-crystal curve above the limit of easy glide 
The relatively large effect in single crystals at small 
strains is thus a consequence of the easy-glide behavior, 
well be that in crystals which show 


and it may 


no easy glide when stressed in a favorable direction, 
the polycrystalline effect may be consistently greater 
If the trends evident in the present results extend 
to higher stresses, it is not unreasonable to expect a 
effect in polyerystals at least 

This that. 
either the contribution 


Bauschinger double 


that in single crystals. indicates under 


certain circumstances, from 
textural stresses in polycrystals is greater than that 
Woolley, or that 


such as the resistance to slip propagation across 


predicted by additional factors, 
crystal boundaries, are operative. 

The high order of the single-crystal Bauschinger 
strain in the range in which no appreciable dis- 
would be 


orientation substructures 


that an 


expected 


suggests important source of anisotropic 
strain-hardening arises on the scale of the individual 
dislocations. Woolley’ considers that the measured 
ratio of the Bauschinger strain to the elastic strain 
at the vield-point is consistent with all the dislocations 
moving during reverse straining 
their 


after 


in the crystal 


a distance equal to mean separation. He 
this 


svmmetrical Taylor dislocation lattice and the large 


reached conclusion analyzing both a 


piled-up groups proposed by Mott. However, before 


this redistribution process can be accepted as an 


explanation of the Bauschinger effect, it is essential 


to show that the dislocations move between potential 
higher on the side 
the The 


symmetry of the Taylor lattice must mean that the 


troughs which are consistently 


to which they are forced by prestress. 


forward and reverse stress-strain curves are identical 
and no Bauschinger effect is possible. 

Consider now the case of dislocations piled up by 
internal sessile barrier. 


the against an 


In order to get a Bauschinger effect from redistribution 


prestress 


of the group, it is first necessary to prevent extensive 
movement on unloading. Mott suggests™® that this 


stabilization is effected by cross-slip occurring at 


frequent intervals along the pile-up and in the wake 


of the advancing dislocations. Cross-slip thus forms 
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secondary barriers of the same order of magnitude 
s the obstacle at the head of the pile -up 

On unloading, the dislocations will rearrange 
themselves in a reversible manner within the secondar) 
barriers a process which can affect only the elastic 
modulus if interactions from neighboring pile-ups are 
negligible. Under the conditions assumed here, 
« Bauschinger effect would result only if the dis 
locations passed over the secondary obstacles, and 
did so more easily in the reverse than in the forward 
direction. The essential force asymmetry exists if 
the dislocation density between any two barriers 
increases regularly towards the head of the pile-up 
i very Jikely situation—and, further, the asymmetry 
is automatically reduced and ultimately reversed 
hy dislocation transfer. It is difficult, however, 
to accept the ability of the dislocations to surmount 
the cross-slip barriers, since they are obstacles of a 
primary magnitude. In short, the redistribution of 
dislocations over barriers confining regularly 
increasing dislocation density is a feasible explanation 
of the Bauschinger effect, but the barriers are unlikely 
to be of the cross-slip t\ pe. 

If surmountable barriers exist, then the single- 
crystal results of Fig. 8 can be interpreted by con 
sidering that the Bauschinget straim 1s produced 
the redistribution of a number of dislocations A 
through a mean distance L. If during easy glide. L is 
constant and NV is proportional to the amount of 
strain-hardening, then the observed linear increese 
of a, with Ar results. The alternative explanatio1 
that ZL increases with prestress, does not pp 
feasible. Beyond the eas\ -glide limit. the product NL 
appears to be constant to a first order, that is 
reduction of with increased’ hardening 
balances the increase in number of 
dislocations 

It is possible that another contribution to the 
Bauschinger strain will be made by dislocations 
moving between potential! wells formed by he inter- 
action between dislocations in closely neighboring 
slip planes. This idea is attractive in view of Mott's 
recent theory? of strain-hardening based on thi 
force between individual dislocations in planes about 
200 A apart. The present work gives experimental 
support to the view that = strain-hardening and 
Bauschinger behavior are intimately related 

If the dislocation density at low prestrains is 
assumed to be not more than 10!8/em?, and is dis- 


tributed on planes 200 A apart, then the mean 


separation in the plane (s) is about 25d (where 
d 200 A). Referring to Fig. 9, the force F, on a 


negative-edge dislocation exerted in its slip direction 
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Fic. 9. 
Schematic diagram show 
ing variation with distance 
x of the force on a negative 
dislocation T moving parallel 
to and distance d away from 
an infinite plane 


containing 
uniformly distributed positive 


dislocations L separated by a 
distance S. The force on T is 
shown as positive if it operates 
to t he left. 
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AND 
This is of the right order. For polycrystalline cubic 
metals a reduction of elastic modulus of about 10°, 
cold the Bau- 


schinger strain P, is five or more times the associated 


results from working,"“*) and _ since 


elastic strain, it would be expected that the above 
ratio would be at least 1/50. 


As s the 


strains impossibly 


redistribution 
Andrade 
for example, have shown that for a 
lattice with S —d, the 


modulus is reduced by dislocation movement to a 


approaches d, elastic 


become large: and 


22) 


Henderson, ' 
uniform dislocation shear 
value of about half of that for a perfect crystal. 

There are features of close similarity between 
the deformation of aluminum during easy glide and 
the behavior of hexagonal metal crystals; in particular, 
hoth show low and linear hardening rates. It 
interest to enquire therefore if the conclusion of a high 
rate of increase of Bauschinger strain in easy glide 
is of more general validity by seeking similar effects 
The measurements of Edwards, 
Cd Zn 


primarily concerned with 


in hexagonal metals. 
Washburn, crystals 
although the Bau- 
schinger effect, do indicate that the expected steep 
of 
further germane to note that alpha-brass crystals 
to 


and Parker on and 


not 


increase Bauschinger strain is observed. It is 


show large Bauschinger strains and are known 


easy glide. Unfortunately, 


deform extensively by 
the results of Sachs and Shoji do not lend themselves 
to analysis in terms of the rate of increase of Bausch- 
inger strain 

An 
hand to 
ol 


which are known to influence the rate of hardening 


measurements Is 


the 


extension of the present 


investigate the effect on Bauschinge 


strain elements in solid solution in aluminum, 


Preliminary results indicate 
0.4° 
of 


in the easy-glide range. 
that 


the rate 


aluminum silver single crystals 


of 


for 


increase , With strain-hardening 


ENTWISTLI 


is of 


BAUSCHINGER EFFEC? 361 
Ar, is about double that for pure aluminum. It is 
hoped to report these experiments fully in the neat 


future. 
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ON THE ENERGETICS OF TICI-TIBr SOLID SOLUTIONS 
VAINO HOVI 


ot different 
experimental 


lutions having 


R L(ENERGETIQUE DES SOLUTIONS SOLIDES TICI1-TIB: 
correspondant a leg ulibre & 25 C sont caleulées, en 
de Wasastjerna, pour quelques solutions solides de TICI-TIBr 
es chaleurs de formation théoriques sont en bor ‘cord avee les données experi 
ns possible (applique le théorie susmentionneée raleme a ce it ylides 


1 structure du chlorure de caesium. 


DIE ENERGETIK VON TICI-TIBr-MISCHKRISTALLEN 
r Wasastjernaschen statistischen Theorie wurden 
Kristall-Zusammensetzung die dem Gleichgewicht 

Die theoretische 


1. INTRODUCTION The meaning of the symbols of this foi 
Nurmia” measured recently heats of formation for explained in the papers (3) and (4). The char 
some TICI-TIBr solid solutions of different crystal constants of the components, J, and #,, wei 
omposition by using high-temperature differential mined for the caesium chloride structu 
calorimetric method These solid solutions were Wasastjerna’s equation 
prepared from purified component si by fusion in 


losed Pvrex lass tubes and then annealed eithe 


ieee Because of 


140 hours at 150°C or 400 hours at 


the poor solubility of TICIl and TIBr in water, the 
is the ficient ‘on SS 
solid solutions nd the corresponding mechanical Here 1 y is the coefhcient CONLPressl 


mixtures oO he components were dissolved simul- cubic-body-centered lattice, y stands for 
aneously at in nearly eutectic molten salt €Xpansion coefficient at constant pressure, 
nixtures of (4 CuBi TIC. and TIBr. where ¢ is Madelung’s constant | 
the investigation now reported was ienic charge expressed in elementary 
! data for the heat of formation of e for the charge of an electron. and F for the 


interionic equilibrium distance in the lattic 


of Wasastierna’s statistical In the numerical calculations the value 


solutions and, in this way, 
atomic constants e. and k. and of th 


‘ase, an ionic mixed. lattice 


aesium chloride structure equivalent, were the same as in paper" 


+ 


shortest interionic equilibrium distances in the lattice 

2. HEATS OF FORMATION of TICL and TIBr, = 3.32088 - em and 

For the calculations of the heats of formation, the  /s 3.44489 - 10° cm, respectively, were calculated 

ion displacement phenomenon and the ordering trom the X-ray data measured at room temperature by 

state of the mixed lattice in the case of TICI-TIBr were ‘Straumanis, Ievins, and Karlsons.‘® The interionic 

assumed to be similar to those of KCI-KBr solid distances of the solid solutions were obtained from the 

solutions. Thus, the heats of formation were calculated corresponding values of the ce mponents according to 
from the formula™ Vegard’s rule. 

For the compressibilities of TIC] and TIBr, the 

values 4.86-10- bar-! and 5.26-10-! bar? by 

Saerens'” were accepted. The cubic expansion 

coefficients of the components, 15.80-107° and 

10-° for TIC] and TIBr at 25°C, respectively, 
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Heats of atic correspo ¢ to the equilibriu at 25 C are calculated on the basis Wasa 
stierna’s statistical for some TICI-TIBr solid solution ervstal posit le Phe 
theoret i heats of Tormatio are mn good agreeme t with the data Thus. it is possible 
to an} the bove-mentioned theory also to ionic solid soi caesium chloride structure 
SI 
Des ueurs 
théeorie statistique 
t ns cristalline 
entales Il est ¢ 
UBER 
Au ier Garundiage ce ri ri Br-Misch 
stalle erschiedene! entsprechendel 
Bildungsenergi berec! berernstimmung 
t len experime telle Date Daher st es moglich. die erwahnte Theorie auch auf ¢ ristalle 
t Castum-Chlioria-Struktur anzuwenden. 
] ila s 
cteristi 
‘ T 
A 
V3 Ce- 
7 
{ 
he cubic 
ny 2 
<hHnortest 
to verify the suitability 
theory'=: 2 tol new energy 


HOV] 


O04 p 06 O08 


Phe degree of local order. co. corresponding to ?5 


as a function of crystal composition 


Fig | shows the degree of local order ao of the 
TICI-TIBi 
composition. 
y OF 
and 


formation 


mixed lattice as a function of crystal 
This curve corresponds to the equili- 


Table ] 


The theoretical and experimental 


brium at contains the values of p, 


Viv: 
heat of 

equilibrium at 25°C and 150-170°C, respectively, are 
against the TICI 
Table 1 


results of the present paper are in good agreement with 


Xp" 


values, corresponding to the 


Fig. 2 


fraction in 
theoretical 


mole 


Fig. 2, the 


plotted 


As seen from and 


the experimental data by Nurmia. Furthermore, the 


theoretical values corresponding to the equilibrium at 


a lowe temperature are at every composition smaller 


than the experimental data, which were obtained 


for solid solutions annealed at considerably higher 


temperatures. This is in agreement 
observations made fer the difference — in 
the cases of KCI-KBr KCI-RbCL1.&, 9, 10, 1, 12) 


With the exception of the experimental data by 


and 


Nurmia. the writer has found neither experimental nor 
theoretical investigations dealing with the energetics 
of TIC]-T1Br solid solutions. The results represented in 
Table | first about the 
magnitude of the heat of formation of this particular 
Wasastjerna’s 


may so give information 


case and also the applicability of 


4 Experiment 


© Theory 


cal./mole 


0D p 06 O8 10 


rhe heat of formation of TICI-TlBr solid soluti 


netion of ervstal composition according to experime 


stierna’s theor 


with the earlier 


rIONS 


SOL 


0.1666 


O.002 


O.174 
O.?14 
.6600 O.1S89 
6666 
S300 O.106 
$332 


* Experimental 


annealed 140 h at 150 ¢ 


Experimental data by 


annealed 400 h at 175°¢ 


statistical theory to the ionic solid solutions having 


caesium chloride structure 
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THE DELAY-TIME PHENOMENON IN METAL SINGLE CRYSTALS* 


TIEN-SHIH LIU,t R. KRAMER,* and M. A. STEINBERG$ 


The effects of strain duration on the critical resolved shear stress of copper, zinc, and beta-brass 

S ngle crystals were studied by lnpact tests which produce short-duration compressions, These 
carried out at 25°C, 50°C, and 190°C. It was found that CPH zine and BCC beta-brass crystals 
increase of critical resolved shear stress at temperatures below room temperature, 


stress duration is decrease FCC 
It was shown that the delay-time for the initiation of slip was not affected by the 


tests 


were 


exhibit a definite 


when the | to below 10-% sec. This phenomenon was not observed on 


copper single crystals. 
Activation energies for slip of zine and 


stress axis with respect to the slip plane. 


ce 


orientation of the 


beta-brass single crystals were ived from the data obtained, 


PHENOMENE TEMPS D INCUBATION DANS LES MONOCRISTAUX METALLIQUES 


L/influence de la durée de déformation sur la tension critique de cisaillement de de 
de zine et de laiton béta a été étudiée par des essais de choe produisant des compressions de 
50-C et 


LE DU 


monocristaux 


eulivre, 


courte durée. Ces essais furent effectués aux températures de 25°C, On a constateé 


) presentent 


qu aux températures inférieures a l’'ambiante, les cristaux de zine (h.c.) et de laiton béta (c.c. 
un accroissement déterminé de la tension critique de cisaillement lorsque la durée d’application de la 


charge est inférieure a 10 C. 


Qn a pu montrer que le ter d ineubation 


nps 


re lative cle | des TensIONnS 
pour les monocristaux de zine et de laiton béta ont 


VERWEILZEILT 
Stauchungen 
on E 


agversuchen. cite itig 


K ib sch I 


en Anstieg 
Diese 


wird 


sich 


Ks hat 


Spannungsrichtung 


du glissement 


s du plan de glissement Le 


DELAY-TIME)-PHANOMEN 


nkristallen 
durehgefiihrt. Es wurde gel 


aumzentriel 


ezeigt, 


Ce phénoméne ne s observe pas pour des monocristaux de cuivre (c.f.c.) 


initial était indépendant de lorientation 


s énergies d’activation du glissement 


été calculées & partir des résultats obtenus 


IN METALLEINKRISTALLEN 


hervorrufen, wurde de 


aus Kupfer, Zink un 
un 
bei 


istall 


\Messing 


Schul spar 


der kritischen nung 
nung wurde bei kubisch 


Lie 


bezuglich det 


Ersche 


Verweilzeit fiir leitung des 


dass 
beeinfl 


Zink ma 


usst 


Gleitebene 


INTRODUCTION 
In the study of plastic flow of metals, it is generally 
known that the vield-point increases with increase of 


This of 


necessary 


strain for polycrystalline metals rise 


larger force is 


vield-point indicates that a 
to start plastic flow when the stress duration is short. 
! delay-time exists. 


r that an incubation period o 


The delaved vielding phenomenon of steel was 


extensively studied DY Clark and his associates 
They concluded that a delay-time for the vield-point 
existed in low-carbon steels and fine grained molyb- 
They 


lowered, the delay -time for the initiation of the \ ield- 


denum. found that as the temperature was 
point was increased. The effect of interstitial elements 
in steel and molybdenum, such as carbon and nitrogen, 


July 24, 1955. 
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his pape ris based 
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part work carried out 
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was found to increase the stress level of the de lay -time 
versus stress relationship. 

Kramer and Maddin“® studied the initial appearance 
of slip in metal single cry stals. They concluded that a 
delay-time for initial slip occurred in body-centered 
was either nonexistent o1 


cubic metals. but Was very 


small in face-centered cubic metals. The delay-time 


increased rather rapidly with decreasing temperature. 
They also proposed a theory for the brittle-fracture 
transition which occurs in BCC and CPH metals. 

In the present investigation, delay-time measure- 


ments were made on copper, beta-brass, and zine 


single crystals. These metals were chosen because of 
their different crystal structures and the fact that, in 
the case of beta-brass, a sharp rise of critical resolved 
with decreasing stress duration was 


shear stress 


obtained. 
EXPERIMENTAL PROCEDURE 
Loading Method 


To obtain short strain durations under simple 


compression, a horizontal pendulum similar to the 
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Mit Einfluss der Belastungs 
lauer auf sing unt raucht 
Diese Versuche irden ber 25 C, 50 Cu , dass hexagonal a 
lichtest gepackte Zinkkristalle nd Temperature) 
unterhalb Rau peratur eine feutiie! zeigen, wenn dle 4 
Beanspruchungsdauer kleiner als se¢ flachenzentrierte) O56 
Kupfereinkristallen nicht beobachtet. 
Gleitvorgangs von der Orientierung det Se 
vird Aus den gew enen Datei vurder Aktivierungssnergt€ fir das Gleiten vo _ 
Messingkrista ibgeleitet 
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Aminco 
Temperature 
“Controlled 
Cabinet 
4-3356 SP 


Vacuum 
Pump 
and 
Gauge 


Frequency | |Stable 
Counter iCathode 
HP 524 A 
Oscillator 


| Detector 
Amplifier 


Specimen 
tHolder and 
mtBell Jor 


| |Oscillo - 
| | scope 


| 
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| 


Sola sid 
Potentio- Supply 

*300 VD 
Voltageli5V |8657C Regulated 


XFMR500 63 V.AC 


[Land N | [Power | 


meter 


| 
| 
| 


Thermos 
{Bottle 
Thermo- 
couple 
Ref. Junc 
Fic. 1. Block diagram of resonance-frequ 


measuring equipment. 


Was 


Maddin,‘*? 


Since the 


one described by Kramer and used 


with some modifications. longest strain 


duration employed in this investigation is of the order 
of 1.5 


sides is 12 ft) was used. To avoid undesirable reflected 


10~* sec, a 6-ft pendulum (total length of two 


waves from the specimen-pendulum interface, the 
pendulum materials used were such that their Young's 
moduli and densities corresponded closely to that of 
the specimens being tested: e.2.. for copper specimens, 
copper bars were used, 

The pendulum bars rest on knife-edged supports 
these bar supports are in turn hung on a top support 
age-30 nichrome wire. The knife edges 


the 


with Band S 


are used to decrease transmission of impact 
energy to the supports, thus minimizing the consequent 
complications of undesirable wave patterns 

For the low-temperature experiments, a cryostat 
was constructed on a steel sleeve, allow ing the coolant 


to come in direct contact with the specimen 


Measurement of Strain 


The method used for indicating the strain experi- 


enced by the specimens is similar to that of Krame 
and Maddin.‘®) 
The 


observing the residual strain in the specimen afte! 


initiation of plastic flow was judged by 
each impact. It is characterized by a sudden increase 


of the residual strain readings obtained. Since the 
tests were conducted within the elastic range, stresses 
in the specimens could be computed from the strains 


and suitable Young’s moduli. 


De termination of Young's Modulus 


The Young’s moduli of the crystals used were 


determined by a dynamic method, using the resonance 


STEINBERG DEL 


rIME 


frequency of the specimens put into longitudinal 


vibrations electrostatic means 


Young's 


measured, was clamped at its 


The rod-type specimen whose modulus 


Was to Lye node of 


vibration between two knife edges It was then 


driven electrostatically at its mechanical resonance by 
and detected 


a polarized plane electrode at end 


the 


Ol 


electrostatically at other end with a similar 


electrode. This signal was amplified and fed into a 
cathode-ray oscilloscope or detected by a vacuum-tube 
voltmeter. Thisisshown in the block diagram in Fig. | 
The 
Packard 


tO an 


frequency was measured by | Hewlett 


Model 


accuracy of | 


countel which 


With 


measurement of specimen dimension, the valu ol / 


Trequency 
read count 
an be obtained within 0.5%, The 


holder \minco 


perature chamber so that the Young s moduli of the 


spe clnen 


assembly was enclosed in an tem 


specimens at various temperatures could be obtained 
directly. 
nate ¢ 


P epa ation of s rystals 


Single crystals of copper, beta-bri 


OFH( 


grown, using the Bridgman technique coppel 


coppel 


YO US wt pel 


LS used tol STOW NY coppel Sin 


analysis of a tvypieal 


graphic 


produced showed 


heta-brass single crystal d in this 


have content 00.5 and 


coppr 
After 


( he micallhy 


crystal growtl hey were 


cent 
at sever determine 
ontent along the 
composition 


Zin 


electrolytic 


cent cryst 


ras ¢ 


molten metal and g 


It was poured into the mold 


Mille 
pull 


was followed 


the molten zine into 


stals were grown unde 


] 
t-Drass und cTrystais were 


ZALM 


‘oppel and heta-bra 
TO 5 16-1n 
the 


2POO-C) 


machined 
\ftel 
specimens 
Th 


essentially strain-free, as 


perpendicular to specimen axis 


four hours at the were electro 


specimens 


polished to a highly reflective surface 


in this condition were 


examination of X-ray diffraction 
Kor 


machining caused considerable strain in 


e\ idenced 


spots 


produced from these crystals zine crystals, 


resulting 


the 


specimen. For this reason, zine test specimens wer 


obtained by hand-grinding on a sanding belt and then 


chemically polished. 


4 
Tt} 
+ 
own from 99.99 Du 
pment nel iif ) 
= 


EXPERIMENTAL RESULTS 


lo observe the strain-time relationship in the elasti« 
inge up to the onset of slip, the single crystal specimens 
vere placed in the pendulum and subjected to increasing 
mounts of Impact loads This was acco uplished 1 
drawing the pendulum back from. its equilibrium 
instant the 


l_in. increments At the 


position m 4 


pendulum made contact, a signal was flashed across 


residual strain 


Any 


ifter the impact was detected by means of a Baldwin 


the screen ofl the oscilloscope 
Type-L strain indicator. As reported by Kramer and 


Maddin.'® within the limits of visual observation the 


COMPRESSIVE STRAIN— 


STRAIN 


IVE 


ce 


COMPRE 


ippearance of slip lines occurred at the same time that 


‘strain was indicated. This plastic strain was, 


therefore. used to indicate the end of the elastic region 


The residual strain was also evidenced in the strain- 


time signals on the oscilloscope screen. This is 


indicated in Fig. 2. where two signals are shown. In 


these signals, the vertical direction represents strain, 


with increasing negative strain (compression) in the 


upward direction. 


crvstal was still in its elastic range, the trace returning 


Signal (a) was obtained when the 


@® BETA BRASS 
COPPER 


B 


3. Orientation of copper ai ad be 


single erystals used 


to its original horizontal level. Signal (b) was obtained 


when the strain indicator showed residual strain: 


this was evidenced in the signal by the fact that the 
trace did not return to its original horizontal level. 


but to a higher level, indicating permanent strain 


The vertical distance s represents the residual strain, 
which offers an excellent check of the strain-indicator 
readings obtained. 


Orientations of all the single crystals used were 


determined by the back-reflection Laue method. 


These are shown in Figs. 3 and 4. 
To obtain suitable values of Young’s moduli for use 
in the calculations, the resonance-frequency method 


described above was employed to make actual 


measurements on the single crystals used. This was 


carried out at temperatures ranging from room 


temperature down to 50°C. To obtain values for 


000 
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us laboratory are summarize 


tor ypper and respective! 
a of Reinacher and Scheil? is also j 


ISO] For beta-brass. the variation 


with temperature 
ientation theretore 


form (J 


ise In connection with 190°C: experiments 
polation is resorted to where FE varied line: 


emperature | 1 the case 


elastic modulus with respect to temperature 


inear: therefore. the measured values of Re 
vere adopted. 
Values of the Young’s moduli 


-100 -50 


Temperature ° 


OF Zine 


emperat ure 


\\ \ 
| 
4 
OOF , 
E 
| 
4 
6.5) 90°C he 
8 OF 7 
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te 
the dat neluade I 
20 O25 030 035 oduli iregul aepenaing 
Orientation Function +}, } +} 
t of onmentation the re ( 
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The strain duratior ersu ( 
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impact condition. The values of critical resolved shear 
stress listed in these tables were obtained by apply ing 
the proper elastic moduli at the temperatures of the 
tests: thus they were temperature corrected. 


TaBLe 1. Young’s moduli of beta-brass single crystals 


Crystal D 
10° kg/mm? 


Crystal A Crystal B 


103 kg/mm? 103 kg 


T erature 
Temper u 


§.242 
5.40] 


5.062 * 


* Based on J. S. Rhinehart’s data.'* 


DISCUSSION OF RESULTS 
From the results obtained, it can be observed that 
for CPH zine and 


increase ot critical resolved sheal 


BCC beta-brass there is a definite 


Stress 


at tempera- 


tures below room temperature when the strain 


duration is decreased to about 10-° sec This is. 


however, not evident in FCC copper crystals 

At room temperature, the value of critical resolved 
shear stress for copper obtained in the present 
investigation, 0.122 kg/mm?, is lower than the value 
of 0.156 kg/mm? reported by Hibbard 10 


the the 


This may be 
nitrogen content of 


The 


critical resolved shear Stress to. coppel single cry stals 


due to difference in 


the resulting single crystals used values of 


much lower, being 0.10 kg/mm*. 
and 0.094, as 


the 


OTOWL VaCHO are 


as reported by Sachs and Wurtz,“! 


reported Rosi. From strain- 


recently 
duration—critical resolved shear-stress plot for copper 
7 that 


seen 


Fig. 7 it is 
the 


at different temperatures 


1e@ curves are flat at temperatures tested 


Based on these observations. it can be said that. if 
there is a delay-time fol slip ot copper crystals, it 
innot be detected in our present experiments and 
must be less than 10~4 see 
Since the slip plane for zine is the basal plane; the 
orientations of zinc specimens were so selected that 
their axes made small angles with the (0001) plane so 
as to facilitate slip under compression and avoid 
twinning. 
from Fig. 8 that the critical 


It can be observed 


resolved shear-stress value for zinc at 25°C is 43 g per 
mm?. Davidenkov and Federov™® have shown that. 


at room temperature, the twinning resistance is 


markedly higher than slip resistance, by a factor of at 
least 4. Although 


observed on the specimens after preparation, exami- 


small amounts of twins were 


nation of the same specimen after impact testing 


1956 


O Crystol A, 25°C 
<- Crystal D, 25°C 


A, -48°C 


S Crystal 


CRSS Kg/mm? 


4 =4 
Time X!O Sec 


Delay-time 


single ery 


curves t 


showed no detectable increase of twins: however. 


slip lines were now evident. It is thus believed that 
plastic deformation during the test occurred primarily 
by slip. The critical resolved shear stress for slip of 
zinc had been a matter of controversy in the literature 
Millet Milligan" that the 


range depends on the speed of testing: 


and concluded elastic 
therefore 
there is no definite critical shear stress for zinc. Harpe 
and Cottrell,“>) using 99.99 wt. per cent pure zinc 
and a strain rate of 10~* per sec in their investigation, 
obtained a value of 30 ¢ pel mm. A corresponding 
value of 21 g per mm® was obtained at a strain rate 
Jillson™® 
per mm? from “highly consistent data”. 
Jillson 
stress rate of 0.1 g per mm? per minute was maintained 


value, 


of 10~-° per sec. obtained a value of 18.4 ¢ 
The strain 
was such that a constant 


rate of testing by 


in the direction in the slip plane. The highest 
94g per 
Rosbaud and Schmid.@” 


reported in the literature might be partly due to the 


2 
mm*, 


The scatter of the results 


reported was obtained by 


variance of the constraints imposed by the different 
experimental arrangements used in testing. However, 
in the present stage of our knowledge in this respect, 
the effects of a number of variables on the value of 
the critical resolved shear stress of zine are not clear. 
and remain to be investigated. 


A general trend of increase of the critical resolved 
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KRAMER, 


AND 


with decreasing strain duration can 


the 


stress 


shear 


be observed from strain time versus critical 
resolved shear-stress curves for zine (Fig. 8). It is a 
well-known fact that zine single crystals give brittle 
fractures on impacts of sufficient strength at low 
temperatures. All these observations point to the 
fact that there is a delay-time for slip in zine single 
crystals. 

The 


single crystals at various temperatures was studied by 
Ardley and Cottrell.“®) At room temperature a value 


critical resolved shear stress of beta-brass 


of approximately 0.21 to 0.25 kg per mm? was 


reported, and at —50°C it ranged from 0.27 to 0.30 kg 
Kramer and Maddin‘® reported a room 


values obtained in the present investigation compared 


per mm?, 
temperature value of 325 p.s.i. (0.23 kg/mm?). 
favorably with these results. From data obtained at 
25°C and —48°C (Fig. 9) it was observed that there is 
a definite rise in the critical resolved shear stress at 
strain durations shorter than 10-3 sec. The rise of 
stress at 


If the brittle transitions 


critical resolved shear room temperature 
was of particular interest. 
exhibited by beta-brass bear a close relationship to a 
delay-time for slip, as pointed out by Kramer and 
Maddin,‘® the present data would indicate that, with 
a stress of proper magnitude applied with sufficient 
rapidity, it would be possible to cause brittle fracture 
While this has not 


reported to date, the possibility cannot be denied. 


even at room temperature. been 
It should be realized that, as far as observable brittle 
behavior at room temperature is concerned, impurities 
play an important role. 

It appears that crystal orientation does not affect 
the results obtained. This is not entirely true for zine 
crystals, because in this case deformation by twinning 
With the metal crystals 


tested, specimens with different orientations vielded 


complicates the analysis. 


consistent data at a given temperature. This shows 
that the delay-time for slip on the glide plane is 
independent of the direction of the applied stress 

For a given temperature, the increase of critical 
resolved shear stress at short strain durations over 
that obtained by static tests, can be attributed to the 
increasing difficulty to free the “locking points” in 
the crystals due to insufficient duration of stress 
application. Actual slip is, therefore, in a sense 
“delayed” under such circumstances. Sietz”* referred 
incubation time and concluded from 
Gallagher's that this 
affected by the combination of thermal fluctuation and 


the stress applied. If the contribution of the thermal 


this to an 


incubation time is 


fluctuation to this incubation time should be com- 


parable to that due to stress application, it would be 


STEINBERG: DELAY 


TIME 


extremely informative to perform experiments 
whereby the specimens were held at a given tempera- 


This 


would enable us to detect quantitatively the extent 


ture for different lengths of time before impact 


the incubation or “delay” time for the 


initiation of plastic flow 


to which 


is dependent on thermal 


fluctuation. 


A possible explanation for the difference in the 


plastic behavior at short strain durations between 


BCC and FCC metals was pointed out by Cottrell 


He attributed the difference to the interstitial atoms 


in the lattice. In a hody-centered cubic lattice, the 


interstitial atoms are near a cube edge, thus relieving 


the shear component as well as the edge component of 


a dislocation. In a face-centered cubic lattice. an 


interstitial atom produces only hydrostatic strain 


and a screw dislocation cannot be anchored 


As pointed out by Maddin,‘* this could be tested on 


BCC specimens in which screw dislocations were 


unanchored from the solute atoms, such as by static 


tension or compression. If these specimens were 


tested immediately after deformation by the technique 
used in the present investigation, no delay-time 
should be observed. 

Clark and Wood™? assumed that plastic deformation 
begins after a certain number of dislocations have 
separated from their atmosphere within a prescribed 
the 


the time required to 


volume of material. If this number is large 


enough, attain it should he 


statistically well defined. As suggested by Gibson, '?? 


the incubation time would be given by a relationshiy 


of the form 


where ¢ represents the incubation time, QY is th 


activation energy for the slip process, A’ is a materia 
and 7’ 


a plot ot the 


IS the tbsolute 


constant, R is the gas constant 
Thus 


incubation time against the reciprocal of the a 


temperature logarithm of the 


] 
bsolute 


temperature would yield a straight line, the slope of 
which is Q/R, 


for slip can be calculated 


from which the energy of activation 


Although data at several 


needed to derive the value of 


temperatures are suc] 
activation energy accurately, preliminary calculations 
using the available data would give indications as to 
their 


were made, it was found that for zine single crystals 


order of magnitude such calculations 


to attain a critical shear-stress value of between 0.16 


and 0.17 kg/mm*, the activation energy varied from 


100 eal/mol to 250 cal/mol. and for beta-brass 


single crystals, to attain a critical shear-stress value of 


between 2.8 and 3.5 kg/mm, the activation energy is 
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hetween LOOO and 2000 cal/mol. It should be borne in 
mind that the activation energy values obtained for 
zine cannot be applied for slip at room temperature 
because the characteristics of the delay-time curve at 
room temperature and that at lower temperatures are 
entirely different for this metal. Due to the scarcity 
oft data, it the 
energies for slip derived are far from being conclusive. 


is realized that values of activation 
The values are reported here to stimulate programs of 
research of similar nature. considering the fact that 
such an activation energ\ for slip cannot otherwise be 


easily obtained. 
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INTERPENETRATING “BANDS” IN TRANSFORMED INDIUM-THALLIUM ALLOYS 
Z. S. BASINSKI* and J. W. CHRISTIAN 


The erystallography of interpenetrating “main bs observed in 


allovs after the cubic-tetragonal transformation ji 


s discussed Experimenta 
dicted twinning pattern for the case of a set of parallel bands crossed by a sing 
obtained. Ciné-photography shows that interpenetrating bands are probably not 

from a common nucleus, but are merely a consequence of the ease with which on of bands « 
accommodate the shear strain produced by another set. Bilby’s theory of surface « ocations provice 


a convelment description of the transformation patterns 


“BANDES DINTERPENETRATION” DANS DES ALLIAGES TRANSFORMES 
DINDIUM-THALLIUM 

L/étude cristallographique des “bandes principales qui ont été observées aprés 
la transformation cubique tétragonale dans des alliages polyeristallins d’indium-thallium, est discuteés 
Une confirmation expérimentale a été obtenue de la structure de maclage prévue pour le cas dune séri« 
de bandes paralléles traversées par une seule interface. Un enregistrement cinématographique montre 
que les “bandes d’interpénétration” ne sont probablement pas le résultat dune croissance a partir d’un 
germe ordinaire, mais plutét une conséquence de la facilité avee laquelle une série de bandes s'accomode 
a la déformation de cisaillement produite par une autre série. La théorie de Bilby sur les dislocations 


en surface fournit une description satisfaisante des structures de transformation. 


SICH DURCHDRINGENDE “BANDER”™ IN UMGEWANDTELTEN INDIUM 
THALLIUM-LEGIERUNGEN 

Die Kristallographie von sich durehdringenden **Hauptbandern” (main bands), die in vielkristallinen 
Indium-Thallium-Legierungen nach der Umwandlung kubisch-tetragonal beobachtet werden, wird 
diskutiert. Die vorausgesagte Zwillingsstruktur fiir den Fall, dass eine Schar paralleler Bander von 
einer einzelnen Grenzflache gekreuzt wird, wurde experimentell bestatigt. Kinematographische 
Aufnahmen zeigen, dass sich durchdringende Bander wahrscheinlich nicht das Ergebnis eines Wachstums 
aus einem gemeinsamen Keim heraus darstellen, sondern lediglich eine Folge davon sind, dass es leicht 
moglich ist, durch eine Schar von Bandern die von einer anderen Schar hervorgerufenen Scherungen 
auszugleichen. Die Theorie der ““flachenhaften Versetzungen surface dislocations) von Bilby ergibt 


eine geeignete Beschreibung der Umwandlungsstruktur. 


1. INTRODUCTION suggest that the interpenetrating bands arise from a 


Rather complex microstructures are observed in single nucleus A similar suggestion Was mace 


polyerystalline indium-thallium alloys after trans- previously by Bowles ef a/., and was based on their 


formation of an originally flat specimen from the proposed two-shear mechanism of transformatior 
high-temperature cubic structure to the low-tempera- The habit plane, or “‘first’” shear plane, of one 
ture tetragonal structure. The tetragonal phase bands is parallel to a twinning plane, o1 

consists of parallel] sets of martensitic plates Ol shear plane of alternate bands of the other set 
“main bands,” each of which is finely twinned and was, therefore, suggested that this second shear in 
has a i110! habit plane Bowles. Barrett. and foremost of an advancing set of bands is sometim 


Guttman") 


first observed that sets of main bands on ible to penetrate the cubic matrix, and thus nu 
{110} planes at 60° intersected each other, whilst another set. Only alternate bands of the se 
those on planes at 90° did not, and this result has could be formed in this way: the material betw 
been confirmed for the analogous transformation in was considered be competitively transformed 


copper-manganese alloys.” According to the now the two sets 

generally accepted cry stallography, 1.2.3, 4) the sets The complete pole tig 
of interpenetrating bands may contain a_ single 

common orientation: the others have no common 


orientation. This has recently lead Geisler to 
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Bowles ef al., and the 


crystallography of the various types of transformation 


ands was determined by 
in well-annealed single crystals has also been investi- 
paper on the single-crystal 
that the 


gated recently. In a 


work, we suggested formation of inter- 


penetrating bands could be regarded as equivalent to 
the motion of a number of “X” interfaces, and we 
published a photomicrograph supporting this view. 
More detailed examination, however, shows that the 
actual twinning pattern must be slightly more 
complex, since the arrangement we described would 
contain some untransformed cubic regions. In the 


present paper we discuss the crystallography of 
interpenetrating bands. The predictions of the next 
section were made in the same way as those previously 
transformations; they 


The 


formation of sets of interpenetrating bands has also 


described for single-crystal 


have been verified experimentally. mode of 
been studied by ciné-photography. These results are 
relevant to a further discussion of the theory of this 


transtormation. 


2. PROPOSED TWINNING 
INTERPENETRATING 


PATTERN IN 
BANDS 
Experiments on single crystals have shown that a 


tetragonal orientation mavy be produced 


single 


continuously from a cubic crystal by the motion of 
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LCA, 
an “X” interface. A different type of double-interface 
transformation is also possible, and leads to a twinned 
tetragonal region. This transformation, described in 
Section 6 of reference (3) will, for convenience, be called 


an X’ Fig. | 


transformation in the present paper. 


shows a hypothetical situation in which X and X’ 


interfaces have a common portion OO". The lines XOB 
and AOO’ are the traces of an _X interface transforma- 
tion in which a single tetragonal region of orientation 
(a) is ultimately produced. The lines ZO’C and OO'Y 
are the traces of an X’ interface, leading ultimately 
to tetragonal twins of orientations (b) and (a). Each 
of the twinned regions in the diagram contains two 
the 


these orientations and their relative proportions are 


tetragonal orientations in volume ratio 
indicated by small letters and shading respectively. 
The the 
previous paper, and need not The 


portions of the crystal on each side of any of these 


actual orientations were enumerated in 


be repeated. 


interfaces have been given a macroscopic plastic 


shear of amount 2: , (c/a L) relative to each 
other, and an originally flat cubie surface would show 
sharp tilts along the lines A4OO'’Y, XOB, and ZO'C. 
The shears along XOB and ZO'C are necessarily in 
the same sense, as may be seen by considering the 
progressive change in the proportion of orientation 
AOB 


b) on proceeding from the region through 


and X’ 


intertaces, 


— 
Uy 
Yy Qs 
Cubic NIN 
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Penetration’ of a set of main bands by 
bands of another set. 
XOO'Z of 

AOX 


ZO’Y of F 
F 


Orientation 1 gure 


of 


gure | 
gure | 

l 


gure 


BOO'C of 
AOB 
CO’) 


ot gure 


ot igure 


BOO'C to CO'Y. Now, let the remaining cubic region 
be consumed by the motion of XOB and/or Z0'¢ 

These two interfaces will thus amalgamate to form a 
single interface, and the twinned region BOO’C will 
The tilt 
combined interface will now correspond to a de shear, 
The 4. 
between adjacent 


and (e) 


represent four of the eight possible orientations in a 


also be eliminated. in the surface across the 


whilst that across AOY is unchanged. shea 
is characteristic of the boundary 
main bands, and the orientations (a), (c), 
single set of main bands. 
The process 
arranging a of interfaces 


line AY, and consuming the cubic regions 


extended 
ot 


along a 


above virtual may be by 


sequence the types 
common 
as above 
This gives a set of parallel main bands crossed by a 
interface corresponding to a 


single Macroscopic 


shear of 2¢e: this situation has actually been observed. 
In an identical manner, another interface, parallel to 
the first, but with opposite direction of shear, could 


The 


single main band. crossing a parallel set. The twinning 


be introduced. structure then consists 

pattern obtained by the above process is not unique 
oa 
of the X 


Thus a set of twins lying on a plane at 90 


interface could be substituted for any 
interfaces without changing the argument 


Call 
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he substituted for any set described in the above 


Case 
Suppose now that one set of main bands does not 
surface. <A 
where part of the 
The set of bands 
on the right of the line 4B has been penetrated by 
of The 


divided into prismatic regions of repeating orientation 


extend beyond some limiting possible 
Fig 


specimen is assumed to be still cubie. 


configuration is shown in 


three bands another set. whole volume is 


the key vives the 
relation between these regions and those of Fig. 1 

AB AB 
itself) represent 4¢ macroscopic shears, the others 2: 
the 


patterns, indicated by numbers 


The dividing surfaces parallel to except for 


shears. If cubic regions | now transform by 


formation of the complementary bands of the second 
the 1/4 This 


additional macroscopic shear, necessary to convert the 


set. boundaries become 4e_ shears. 


cubic regions to tetragonal regions. can be accommo 
but the twins in regions 3 li 
There 


in be 


dated in the regions 2, 


on the plane at 60° to that of the required shea 


is thus no way in which the 3/6 boundary c: 


shear 


Considerations of macroscopic accommodation thus 


changed to a 
lead to the conclusion that only alternate bands of 
ble set. In 


to avoid large stresses caused by the sudden cessation 


any set are a to penetrate another orde 


of the shear, the transition must be accommodated by 
gradual tapering of the bands which penetrate This 
} which 


to the manner In 


ved 


process is closely analogous 


he mel Into 


set of parallel tetragonal twin 


= 


ty Z 
AMAA 
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single tetragonal crystal: as shown previously,” 
the tapering may be described as a “distributed” 
shear. The possible configuration for two sets 
of interpenetrating bands is thus of the general 
where the traces of the 
The 


bands of 


type shown in Fig. 3, 


twins or sub-bands are indicated. bands 


meet along two lines. and alternate 
each set penetrate a limited distance into the 
other set. The bands which penetrate may have 
twin traces parallel to the plane of the pene 
trated bands and an orientation in common 
with them: those which do not, may have twin 
traces parallel to twin traces in the other set of 
bands. The tapering bands contain some single 


tetragonal regions. 


3. EXPERIMENTAL WORK 


Conditions similar to those in polyerystalline 
specimens were obtained by transforming mis- 
handled single crystals and specimens containing a few 
large crystals; the transfo rmation patterns were then 
a fairly coarse scale, Fig. 4 shows a transformation on 
pattern in one such specimen; in order to show the 
directions of all the twin markings, the surface has 
heen electropolished and then etched. This configura- 
tion corresponds clearly to the situation described 


above, in which a set of main bands is crossed by a 


Fic. 4. A 


single interface crossing a set of main bands. 
Specimen electropolished and etched after transformation. 
Polarized light 45 

» 


fegions numbered as for Fig. 2. 


single interface, and the twins in regions 2 and 6 are 


parallel to the boundaries of these regions with the 5 


region, as expected. Laue photographs of the four 
marked areas were taken, using a simplified version of 
the precision micro-beam camera described by Cahn." 
For greater accuracy in the relative orientations, the 
areas 5 and 3 were also photographed on the same 
film. All orientations of the tetragonal lattice agreed 
to within 20’ with those predicted from the above 
Intensities of Laue as judged 


hypothesis. spots, 


visually, were also in the expected proportions. 
Fig. 21 and 22 of reference (3) showed a single main 
band. i.e. two interfaces, crossing a set of main bands. 
and are also consistent with the previous discussion. 
Sets of tapering intersecting bands often occur |[see, 
for example, Fig. 10 of reference (1)| and, so far as 
can be judged, these are all in agreement with Fig. 3. 

Figs. 5—9 illustrate the formation of a set of inter- 
penetrating bands. As previously described, a single 
set of bands spreads progressively on a macroscopic 


scale, but some bands continually form ahead of the 


Fics. 5 


formation ol 
bands 


9, The 
interpenetrating 
in polyerystalline indium 
thallium alloy. 

Oblique illumination 30 


Interval between frames, | se« 
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main group. These bands also show lengthwise 
growth, but diffuse regions are tormed first and then 
change to sharp bands, and the ends often appear to 
form before the centers. It thus seems probable that 


this observation results from a delay in’ breaking 
through the surface, rather than a true rate of growth. 
These effects are all shown by the second set of bands 
The of Fig. 5 
continues to spread in Figs. 6 and 7. Fig. 6, 
of this 
grows in the succeeding frames. 
first 


growing set of main bands spreads into an already 


in 
In 


and 


in Figs. 5-9. set vertical bands 


however. a second set bands appears, 
encroaching on the 


set. Interpenetration of this kind, in which a 


formed tetragonal region, has been observed on a 
large number of occasions. It follows that the forma- 
of 


or even usually. the result of growth from a common 


tion interpenetrating bands is not necessarily, 


nucleus, in the ways suggested by Geisler or Bowles 
etal. 
TRANSFORMATION 


4. THEORIES OF THE 


Phenomenological theories of martensitic trans- 
formations aim at predicting the orientation relations, 
habit the 


distortion from a knowledge only of the structures and 


the plane, and observed macroscopic 


lattice parameters of the two phases. It isassumed that 
there is negligible mixing of the atoms during the 
structural change. so that the atoms defining some 
of 


regular manner to the points of a Bravais lattice 


in a 


of the 


Bravais lattice the parent structure move 


final structure. If neither structure has a basis. these 


atomic movements accomplish the whole transforma- 


tion, which may be regarded as a homogeneous 


deformation of one structure into another. A structure 
with a basis may be divided into sets of atoms on 
lattices: the 


then formally 


interpenetrating Bravais net atomic 


movements are specified by giving 
each such lattice the same homogeneous deformation, 
and, in addition, translating the lattices with respect 
to each other. The inhomogeneous movements are 
sometimes called shuffles. 

Any two /attices may be homogeneously deformed 
into one another in an infinity of different ways, but, 


except in special cases, the production of a macro- 


scopic volume of product would involve an extremely 


high strain-energy. This strain-energy can only be 
avoided if the macroscopic, or shape deformation ® 
associated with the lattice change approximates to 
an invariant plane strain, so that the transformed 
region may remain in contact with the matrix along 
an undistorted, unrotated plane (the habit plane). 
The shape deformation may be adjusted to the required 
combining the lattice deformation with a 


tvpe by 
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lattice invariant deformation. « slip on a series of 
parallel planes, o1 by combining two different lattice 


In 
the 


deformations which alternate on a fine scale 


either case, the atom movements are such that 
equivalent lattice deformation is homogeneous only 
over a small region: the lattices in 
the 


crystal, or are twins of each 


adjacent regions 


either have same orientation, giving a single 


other, as in the indium 
In 
he 


and similar transformations 


the 


thallium such 


region, lattice deformation may factorized 


mathematically into tw imaginary successive stages 


of which the first is the same for all regions. and gives 
the shape deformation, and the second is opposite for 


adjacent regions in the sense that the net 


shape 
deformation is zero. This factorization gives the t 


ot 


theories of martensitic transformations 


Wo 


components the “‘two-strain Ol two-shear 


of which that 
due to Bowles et al is a particular example 
The above des ription Is fundamental to almost all 


he 


theo! 1es 


recent theories and is repeated here to emphasize 
ot 


yivel 


true nature the two-strain or two-shear 


which have to misunderstanding 


These 


mechanism 


rise 


SOTLLE 


theories not concerned with the detailed 


ot 


between 


are 


transformation, and only specify the 


relations initial and final atomik 


They 


sense, 


positions 


concerned with mechanism m a ceneral 


far 


homogeneous distortion 


are 


in so as they regard the 


MAaCros¢ 
as automatically associated 
to the 


ot 


contrast 


10 


with the structural change. in views 


expressed by A. H. Geisler Criticism these 


theories on the grounds that they imply successive 
movements of planes of atoms is therefore invalid ho 
such interpretation is now intended 

In all theories. the inhomogeneous component ol 


the lattice strain assumed to be a simple shea 


The 


approximates to 


Is 


homogeneous component, as already stated, 


an invariant plane strain. 


a small uniform dilatation, or a small 
for 


The crvstallographic significance of 


theories allow 


uniaxial expansion addition details see 


reference 
the habit plane is thus analogous to the composition 
ol kK, plane of a mechanical twin, and twinning may, 
indeed. be regarded as a particulan t\ pe ot martensitl 
reaction When a martensite plate Is produced. na 
surrounding matrix, the change of shape of the trans 
formed region can only he accommodated by deforma 
The 


lenticular 


tion of the matrix or possibly of the plate itself 
stresses then force the plate to adopt a 
shape, and the habit plane is not readily distinguish 
able It that 


invalidate the above theories. as has been claimed 


is Important to realize this does not 


1.10 


but is rather to be regarded as an additional compli 


cation, the effects of which can be avoided in certain 
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circumstances. Exactly the same behavior is shown by 
mechanical twins. but the significance of the twinning 
plane is not in question 

There are two ways of avoiding the lenticular shape. 
The most effective is the production of single interface 
transformations in single crystals; and the observation 
of plane interfaces is strong supporting evidence for 
the assumptions of the phenomenological theories.“ 
The second possibility arises in transformations in 

shape 
(1,212.13) 


which with macroscopic 


plates opposite 
deformations may share a common habit plane. 
A set of parallel plates, with opposite tilts and nearly 
plane interfaces, may then be formed, as this system 
is practically self-accommodating. This is the situation 
in polyerystalline indium-thallium alloys. 

Single and double interface transformations in 
indium-thallium alloys were first reported by Burkart 
and Read.“ These 


crystallography of the various modes of transforma- 


workers did not consider the 


tion. or the elimination of accommodation stresses. 
but detailed attention was given to the theory of the 
transformation. Using the method developed by 


Wechsler. 
that the habit plane differs from a {110} 


Liebermann, and Read,“* they showed 
plane by 
assuming the inhomogeneous part of the lattice 
strain to be a This 
treatment thus corrects the approximate two-shear 


theory of Bowles et a/.“ in which terms of the order 


shear on the {101}, planes. 


were ignored. 
Read 


that 


and 


Burkart 


and 


In discussing their analysis, 
the Bowles 


successive movements of planes of atoms are not 


criticize theory, show 


required. As indicated above, however, the theory 
may be regarded as purely phenomenological, and the 
treatment is then a very close approximation to the 
If the invariant 
the 


exact theory of Burkart and Read. 


plane-strain condition is rigorously satisfied, 


Main Band | 
Bowles 
Barrett | 
a) and (b) 
(twinned on 


(twinned on 


and 
nearly parallel to (110),) nearly parallel to (110),) nearly parallel to (011),) nearly parallel to (011),) 


Guttman plane 


Plane Habit 


0.993) 


Habit 


(1, 0.013, 


and 


Read 
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Orientations (c) and (d) 
plane 


Plane 


0.013, 0.993) 
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deviation of the habit plane from a rational }110} plane 
is so small as to be negligible: the rotation of 
~26° would almost certainly be achieved by having 
interfaces, parallel to {110}, containing steps of atomic 
height. 

There is an interesting formal difference between the 
exact theory and the approximate two-shear treatment, 
in as much as the latter is a degenerate case, having 
a smaller multiplicity of solutions. Thus, in Burkart 
and Read’s analysis, there are twenty-four variants of 
the habit plane, and each variant corresponds to a 
pair of twin-related tetragonal orientations. There 
are four such habit-plane variants grouped round each 
cubic {110} plane, two of them giving a macroscopic 
distortion of one sign, and the other two opposite 
distortions. In the approximate solution, these two 
pairs coalesce to give the two main bands having a 
common {110} habit-plane interface. For the lattice 
parameters used by Burkart and Read, the habit- 
plane indices are of the form {1, 0.993, 0.013!. The 
relation between the two theories for a single set of 
main bands may be represented a3; shown in diagram 
at foot of paze. 

The twin orientations (a) and (b) correspond to the 
specific variant used in the analysis of Wechsler, 
Liebermann, and Read.“®) The exact theory shows 
that orientation (a) differs infinitesimally from one of 


the tetragonal orientations in the plate with habit 
plane (1, 0.993, 0.013); in the two-shear theory, these 
form the orientation the 
parallel to (101) and (110). In the approximate theory, 
there are thus only thirty-six tetragonal orientations, 
while according to Burkart and Read’s theory there 


common to main bands 


are really forty-eight. 
The experimental results show that single main bands 
often contain two sets of twins, and that interpenetra- 


tion occurs. They do not, of course, provide a basis for 


Habit Plane (101) 
Main Band 2 


Orientations (e) and (f) Orientations (g) and (h) 


(twinned = on plane (twinned = on plane 


Habit Plane 


(0.993. 0.013. 1) 


Habit Plane 
(0.993, 0.013, 1) 
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deciding whether or not the exact relations are valid, 
since the angle between the habit planes would in any 
case be unobservable. The observations reported in 
this paper on the formation of interpenetrating bands 
are, however, of interest in supporting the general 
the 
long-range stresses is once again shown to be 
the 
Interpenetrating bands evidently arise not by growth 


phenomenological theory, since 


the 
factor which transformation 


governs patterns. 


from a common nucleus, but because of the geometrical 
1 set of bands on 
habit 


This shear is 


possibility of shearing a fully formec 
;110} plane, at 60° to the 


without introducing long-range stress. 


another plane, 
then able to accommodate the formation of a further 
set of bands. The reversibility and small hysteresis 
in this transformation are almost certainly due to the 
ease with which complex transformation patterns 
ean be arranged to accommodate all the transformation 
strains, even in polycrystals. 
the matrix, which occurs, for example, in the trans- 
formations in steels and cobalt, is not then required. 
Burkart and Read made one observation which we 
have been unable to duplicate in our experiments: 
namely, that single crystals sometimes transform by 
“X” interfaces on {110! planes at 90° to each other. 
The method of analysis used here and in our previous 
paper shows that this type of interface is most 
improbable, since the systems of shears are not 

mutually compatible. 
5. SURFACE DISLOCATIONS 


In conclusion, we wish to point out that the 


theory of “surface dislocations,” recently developed 
by Bilby. Bullovgh, and Smith, seems to be readily 
applicable to the transformation patterns in indium- 
thallium alloys. Bilby"® treats the most general 


type of internal boundary, which separates two 
different lattices, and movement of which produces 
a plastic strain. In some cases, it may be possible 
to define individual arrays of line dislocations which 
will produce the required interface, as for a tilt 
boundary, but it is a useful formal concept to consider 
the boundary as a whole with its dislocation content 
smoothed cut. When treated in this way, the boundary 
is called a surface dislocation, since it separates 
volumes of different plastic strain, in contrast to a 
line dislocation, which separates surfaces of different 
the total 


content of a general grain boundary is defined in a 


slip. Frank"? showed how dislocation 
reference lattice by the lattice relations and the orienta- 
tion of the boundary. The corresponding theory for 
a general surface dislocation has been developed by 


extending Nye’s analysis of the geometrical properties 


CHRISTIAN: 


avoidance of 


Plastic deformation of 


BANDS IN In-Th ALLOYS 


of volume distributions of dislocations."®) In pai 
ticularthe dislocation content of the surface is specified 
by a tensor, /,,, defined in a given reference lattice, and 
this may be regarded as the formal analogue of the 
3urgers vector. 

silby has given a formula by which the dislocation 
tensor may be calculated, at least for small deforma 
tions, from the normal to the interface, and the two 
actual 


The 


representation has the advantage that all the compo 


opposite deformations which generate the 


lattices from the median reference lattice 


nents of /,, are zero for two lattices which are related 


by an invariant plane strain and joined along the 
invariant plane.* A fully coherent boundary between 


two lattices is thus assigned zero net dislocation 


content. 
The 


usually connects lattices which are not related by an 


boundary in a martensitic transformation 


invariant plane strain, but, as explained above, the 
macroscopic shape deformation does approximate to 
such a strain. Ifthe martensite plate is a single crystal 
the dislocation tensor of the surface dislocation which 
represents the interface is thus zero. The smoothed-out 
density of dislocations in this case must, of course 
include the slip disclocations responsible for the lattice 


invariant strain. When the product is a stack of fine 


twins, it is not immediately obvious that the surface 


dislocation concept can be used Presumably 


however, the difficulty can be avoided in the same 


way; the twinned region may be represented 


macroscopically by a single lattice having a large 


cell” 


regions 


unit which encompasses at least two twin 


related An alternative description of the 


phenomenological theories of martensiti: 


that 


| resent 


transformation is, in fact a large unit cell of the 


parent structure is converted into a corresponding] 


large unit cell of the product by a homogeneous 


deformation." In the surface dislocation description 


it will be immaterial whether this large unit cell 


contains regions which have slipped relative to each 
other, or regions which have slipped homogeneously 
to give twins. It should be noted that if the shape 
an invariant plane strain 


the 


deformation is not exactly 


as in some recent theories surface dislocation 


tensor will not vanish, but will specify the residual 
content of line dislocations necessary to accommodate 
the changes in length in the habit plane 

An extension of the above argument leads to the 


possibility of representing boundaries between tw 


* This result was obtained by Bilbv®? in the ear! 


ment of his theory, but has not yet been publishe 


readily be derived if me substitutes a 
are the 


(equation 10 of reference 16 


components ol 


4 
the Tormuila 
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sets of different twins as surface dislocations. In 


particular, the arrays which occur in double interface 


transformations in indium-thallium alloys may be 
regarded as separated by surface dislocations which 
represent simple shears. Surfaces of discontinuity 
may meet in the interior of the crystal; this situation 
is called by Bilby a “surface node” by analogy with 
the familiar node of line dislocations. The fundamental 
compatibility condition (equation 1] of reference 16) 
is just the assumption used in analyzing the indium- 
thallium twinning patterns. An X-interface trans- 
formation may thus be regarded formally as a mobile 
which moves under the influence of 


surface node, 


stress or free-energy driving forces. In a similar 


manner, a set of 
of a 


surface nodes In a 4 


interpenetrating bands consists 


network of surface dislocations meeting at 


transformation, the region 
of distributed shear, produced by tapering the twin 
houndaries, seems to be equivalent to an extended 


surface dislocation. It will thus be seen that the 
various types of transformation form a reasonably 


consistent scheme when regarded in this way. 
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THE SHAPES OF GLIDE PLANES IN BENT ZINC CRYSTALS 
B. A. BILBY+ and E. SMITH 


Experiments are described which show that, within the experimental error, the 
uniformly bent zine single crystals intersect the plane of bending in involutes of circles 
that “river patterns” on the cleavage surfaces of zinc crystals often begin along the 


boundaries formed during the growth of the erystals is also reported 


LES FORMES DES PLANS DE GLISSEMENT DANS LES MONOCRISTAUX DE 
ZINC COURBES 
Des expériences sont décrites qui montrent que, dans les limites d’erreurs expérimentales, les surfaces 
de glissement dans des monocristaux de zine uniformément courbés, coupent le plan de courbure suivant 
des développées de cercle. On signale également le fait que les “river-patterns’ sur les surfaces dé 
clivage de cristaux de zine commencent souvent le long des frontiéres mosaiques formées au cours de la 


croissance des cristaux. 


DIE FORM DER GLEITEBENEN IN GEBOGENEN ZINK-KRISTALLEN 
Ks werden Experimente beschrieben, die zeigen, dass in gleichmassig gebogenen Zink-Einkristallen 
die Gleitflachen innerhalb der experimentellen Fehler die Biegungsebene in Kreisevolventen schneiden 
Ausserdem wird iiber die Beobachtung berichtet, dass **Flussfiguren” (river patterns) auf Spaltflachen 
von Zink-kristallen haufig entlang der Spur von Mosaikgrenzen, die wahrend des Kristallwachstums 


gebildet wurden, beginnen. 


1, INTRODUCTION a vertical plane through the axis was perpendicular to 

In view of the paper by Gilman” which has just the basal plane, as judged by eye, and a line was 
appeared in Acta Metallurgica, it seems desirable to scribed on the upper surface. Together with the 
report at once on some similar experiments which have | specimen axis, this line defined the plane of bending 
been carried out independently at Sheffield. An The crystals were then bent at room temperature 
account of preliminary experiments of this kind was round cylindrical formers of different radii, and about 
first given by one of us (B.A. B.) at a colloquium at the half an hour later were cleft in liquid nitrogen by 
University of Birmingham in March 1955. applying a reverse bending moment. There was 
The object of our experiments was to test the apparently, no macroscopic deformation during this 
prediction® that in uniform plane bending, under cleavage process. The cleavage surfaces were un 
conditions of single glide, the glide planes intersect twisted, and could be generated by the motion of a 
the plane of bending in involutes of circles. This was — straight line parallel to the axis of bending, suggesting 
done by examining the shape of the (0001) planes of | that plane bending had indeed occurred. The broken 
single crystals of zinc bent at room temperature and — pieces were then mounted in a projection lantern and a 
subsequently cleft in liquid nitrogen. shadow of the cleavage surface and the bent crystal 
thrown on to a screen: the magnification was about 

2. EXPERIMENTAL DETAILS »() A record of the shape ot a section through the 
(‘vlindrical crystals, 6 mm in diameter, were grown centre of the specimen by the plane of bending was 
from zine rod of 99.99%, purity by the modified thus obtained. The light-beam was adjusted by eye so 
sridgman method, using a vertical travelling furnace. that it was parallel to the axis of bending, and in 
The orientation of the crystals was controlled by using tracing contours of the cleavage surfaces the process 
a seed. The position of the basal plane in each cry stal Was always repeated aiter rotation of the crystal 
was identified either by observation of slip lines which through 180°, and the mean of the contours taker 
occasionally appeared during growth, or by cleaving a From the agreement between these contours. and fron 


small piece from one end by reversed bending. The the general shape of the cleavage surfaces described 


crystal was then turned so that, as it lay horizontally, above, it appeared to be unnecessary to have a 1120 
direction in the plane of bending, and the orientation 


ved October 7, 1955 
partment of Metallurgy, University of Sheffield 
nerly, Department of Metallurgy, Universit : that there was sometimes a slight discrepancy In 
now at A.E.I. Research Laboratory, Aldermaston, 


Was not controlled to ensure this It Was tound 


the 
images ot the cleavage faces of two mate ning piece 
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ACTA MET 
near the outer edge. This was ascribed to deformation 
it the finely tapered acute wedge of that piece having 
+ concave cleavage surface. The following measure- 
ments were therefore made only on images of pieces 
whose cleavage surface was convex. In all, the shapes 
of ten cleavage surfaces were examined using pieces 
from three long crystals 4, B,C. Formers of diameter 
0.953 em (pieces Al, 43, A4, Bl, B2, Cl, C2, C3), 
1.91 em (piece 45), and 2.56 em (piece 46) were used. 
The orientations of all the crystals were such that 
7 = 45°, and during the bending no aural evidence of 


twinning was observed, although, of course, twins 
were visible after fracture on the cleavage surfaces, 
appearing with characteristic asymmetry (Bilby and 
Bullough’). 
cylindrical surfaces had been traced, a circle was fitted 
This 


was usually of radius R, about twenty times that of 


After the cleavage surface and the bent 
to the outline of the inner cylindrical surface. 


the former used for bending. 
and (C3, 
slightly different radius were required. The values of 
Table 1. 


circle as origin, radii were drawn at intervals of 5 


For pieces 43, A5, AG, 
however. the image showed that circles of 
R are given in Using the centre of this 
and 
a number of r, 4 values corresponding to points on the 
(in Nyvye's 


notation) was also obtained directly at positions along 


cleavage surface obtained. The angle 7 
the trace of the cleavage surface by drawing tangents 
or normals to this trace and measuring the angles 


they made with the radius vector. 


3. RESULTS 
The theory predicts that along any glide surface 


sin 


of the generating circle of the system of involutes. 


a, where a is a constant equal to the radius 
Accordingly, 7 sin 7 was first computed for all the 
cleavage surfaces, using the 7 values on each estimated 
The mean values. 


by drawing tangents or normals. 


together with the standard deviations oc. are given in 
Table 1. It is clear from this table that 7 sin 7 is 


ipproximately constant along the cleavage surface, 
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Values of @ f plotted against r/a for the ten 
f is plotted as ordinat 


The 


piece corresponds to the mean value B given in Table 1. 


Fig. 1. 


cleavage surfaces. @ using the 


seale indicated. horizontal line fo: each test 


vertical 


and also that, except for 45, A6, and perhaps (3, the 
crystals have been bent until the inner surface is 


approximately the generating circle estimated from 


the r, 7 measurements. It is not possible, however, to 


draw normals or tangents to the trace of the cleavage 
surface with great accuracy, and an alternative method 
of assessing the results was therefore adopted. The 


(r, #) equation of the involute may be written 


fj T(r a) 


where B is a constant determining the origin of 4, and 


Thus, if a is chosen correctly, the quantity 4 —/ 
calculated from the measured rv, 4 values should be a 


constant, independent of 4. Fig. 1 shows 4 f 


TABLE | 


The values of a and R are those on the 


0.981 


enlarged tracing and are in centimetre 


A6 
0.1 
° 
° 
° 
© bad ° 
° ° 
° ° 
° © ° 
1.0 1.5 2.0 
r/a 
4 
B 
1 
= 1 sec! (r/d). 
Crystal 1] 13 i4 15 Ab B\ B2 Cl C2 Cs 
Mean value of 10.4 9.8 16.1 27.0 9.7 8.9 9.3 9.7 13.5 
G (0.2 1.0 0.6 1.0 0.7 0.7 
R 10.5 LS.7 97.4 9.5 9.5 9.5 15.0 
a, 9.5 10.4 9.5 15.8 91.5 9.5 8.9 9.3 9.5 14.7 
BR 0.759 O.715 0.800 0.580 0.502 0.822 0.774 0.781 0.544 


BILBY SMITH: 


AND 


Fic. 2. Experimental results from all test pieces assembled 
on a master graph. GC is the generating circle, and the full 
curve is the theoretical involute on which all the experimental 
points should lie. 


The 


initial « value for each testpiece was taken to be the 


plotted against 7 «a for the ten cleavage surfaces. 
smaller of the quantities a and R in Table 1. In some 
cases, however, a@ was subsequently adjusted to make 
f + 6 more nearly constant; the final a values (a) 
4 of Table 1. The results are all 
assembled on a master graph in Fig. 2, where the values 
the 


are shown in row 
of r/a ale plotted against angle db B ff 
for each testpiece, together with the involute on which 
all the experimental points should lie. For each piece 
B was taken to be the mean of the values of f: 


these mean values B are given in line 5 of Table | 


4. DISCUSSION 


that. within the 


experimental error, the predicted shape of the glide 


The above experiments show 


planes in uniform plane bending under conditions of 


single glide is observed in uniformly bent zine crystals 


Fic. 3. “‘River pattern’? markings on the cleavage surface 


of a zine crystal beginning along the line of a mosaic bou tary 
formed during the growth of the crystal. 170. 


GLIDE 


PLANES IN ZIN( 


This is in accord with Gilman’s conclusion 


I The 
latter's experiments and method of analysis of the 
differ. 


Ones In sO Ti as 


results however, in some details from the 


present the deviation from the 


theoretical curve is systematic, it appears to be in the 


opposite sense to that indicated in Gilman’s Fig. 7 


This would be more marked had we not used b mean 
value of B, but had weighted the 
heavily. It 


the 


Inner more 


is perhaps worth noting that in his 


Fig. 7 experimental (and indeed 


theoretical traces of the glide planes do not appr 


surface at 90°. although the la 


We have observed 


oul 


intersect the inne1 
is stated to be the generating circle. 
ot 


a similar discrepancy in experimental 


curves: the results are. however. rather uncertain i 


this region. 

Gilman” has also shown that polygon boundaries 
are very easily revealed on cleavage surfaces of zinc 
crystals, and it seems appropriate to report another 
observation of interest on small-angle boundaries. We 
have observed that new steps 1n the “rive r-patterns 
on the cleavage surfaces frequently begin along the 
line of mosaic boundaries formed during the growth 


of the crystals The phenomenon Is quite general and 


» 


is illustrated in Fig. 3. have 


of the 


This effect 


where the conditions 
been adjusted to show clearly the relative tilt 


different regions of the cleavage surface 


Cl ick 


and 


Is probably due to a tendency for the cleavage 


to continue moving in the same mean plane 
with the : 


consistent hypothesis 


passing through a dislocation bec 


It will be 


Screw omes stepped 


discussed in more detail elsewhere.* 
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THE EFFECT OF COLD WORK ON LOCAL ORDER* 
P. S. RUDMAN?* and B. L. AVERBACH= 


a polverystalline 85 Cu-15 Au (atomic per cent) alloy has been measured in the 

the severely cold-worked state by an X-ray method. The working was accomplished 

and it is shown that about 50°, of the short-range order is destroved by severe plastic 

mation. This result also leads to the conclusion that slip occurred on about one-third of all the 


available {111} planes in this instance. An attempt was made to calculate the energy associated with 


> randomization 


LSEFFET DE L’ECROUISSAGE SUR L’ORDRE LOCAL 
Dans un alliage polveristallin de composition atomique 85°, Cu et 15°, Au, ordre local a été mesuré 
par une méthode de rayons X aprés recuit et écrouissage poussé. L*écruissage a été effectué par abrasion 
et ilest démontré qu’environ 50°, de lordre a petite distance a été détruit par ‘importante déformation 
plastique. Ce résultat peut aussi conduire a la conclusion que le glissement se produit sur environ un 
tiers de tous les plans {111} disponibles. Un effort a été fait pour ealculer énergie associée au passage 


a désordonné. 


DER EINFLUSS EINER KALTBEARBEITUNG AUF DLE NAHORDNUNG 
Mit einer Réntgenmethode wurde die Nahordnung in einer Cu-Au-Legierung (85 At. °, Cu, 15 At. °, 
Au) im ausgegliihten Zustand und nach einer starken Kaltbearbeitung untersucht. Die Kaltbear- 
beitung wurde durch Schmirgeln vorgenommen. Es hat sich gezeigt, dass dabei ungefahr 50°, der 
Nahordnung durch starke plastische Verformung zerstért wird. Dieses Ergebnis lasst zudem darauf 
schliessen, dass im vorliegenden Fall auf etwa einem Drittel aller vorhandenen {111)}-Ebenen Gleiten 
stattgefunden hat. Es wurde versucht, die Energie, die zur Herstellung einer regellosen Verteilung 


erforderlich ist, zu berechnen 


1. INTRODUCTION 2. EXPERIMENTAL RESULTS 


effects of cold work on solid solutions with Local (short-range) order introduces a modulation 


long-range order have been known for some time, but — of the diffuse X-ray scattering. For a power pattern, 


there are apparently no direct observations of the — this scattering is given in electron units by‘?! 


effect of cold work on short-range order. Broom") 


| gn Sr; 


has observed that. in general, the increase in electrical Cx 


resistivity of alloys on plastic deformation is greater 


than 


that 


| Sr, 


of pure metals. He cautions, however. — \-jere atomic fraction of A atoms, 


against the conclusion that the effect is due to the N number of atoms. 


added disordering ot local order in the alloy Ss, because 


atomic seattering factor of an A 


the effect of local order on resistivity is unknown ; 
A atom. 


(but probably small) and the effect of cold work on 


local 


sought to explain their resistivity-deformation results 
for the alloy AgAu in terms of local-order changes, but 7 
Cottrell has given a more probable explanation in 


terms of the separation of half dislocations. Local 


order is unknown. Aarts and Jarvis” 


ith neighbor co-ordination num bet 
have 
sin 


center-to-center distance between 


ith neighbors. 


order as a strength factor in solid solutions has been 


treated 


by Fisher™, and this concept implies that 


short-range order parameter. 


cold work destre VS local order 


~ 


This wor 
\tomu 
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Technology. 
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AND 


The 


Compton-modified 


diffuse 


and 


observed scattering also includes 


temperature-diffuse contri- 


butions which must be subtracted before the values 


of x, can be determined. However, the change in 
aA asa result of plastic deformation can be obtained I 
taking the difference in diffuse scattering (in electron 
units) between an annealed and a cold-worked sample. 


since 


J (annealed) TI (cold-worked) Ol 


sin 
fp)” 


1 B 


where: (annealed) x. (cold-worked) 
It is also possible to evaluate the short-range ordei 
coefficient for each sample directly, using methods 
already described.'® 

The experimental technique was similar to that 
that 


previously radiation, 


with a LiF 


dalanced filter, was used witha recording spectrometer. 


used except 


obtained monochromator plus a Fe-Ni 
The sample consisted of a fine-grained polycrystalline 
slab of 85 Cu-15 Au (atomic per cent) alloy, which was 
The face of the 
sample was abraded roughly with emery paper, in 
Although the cold- 


first annealed for ten hours at 250°C. 


order to introduce cold working. 
worked layer was shallow, the absorption coefticient 
was sufficiently high so that only the surface lavers 
diffracted. 


introduce any preferred orientation. 


This method of cold work did not seem to 


Values of «, and dx, were evaluated by a Fourier 
transform method.’ The size-effect coefficients were 
small and were not evaluated. The diffuse scattering 
from the annealed and the cold-worked samples is 
. and Fig. 2 shows a transform of the 
The 


is proport ional 


shown in Fig. 
difference in intensity between the two samples. 
area under the peak centered about 7, 
to da,: the higher-order interactions are unresolved 
because of the difficulty in obtaining data at sufficiently 
high scattering angles. 

The 


(annealed) 


the result 
The 


(annealed) 


difference transform gave 


4, (cold-worked) 0.08. direct 


sample gave: 
0.06. 


transform of each 


0.12, x, (cold-worked) The average value 


0.07, and the relative change in 


It is evident that the 


of dx, was taken as 


short-range order 0%,/%, 7/12. 


severe plastic deformation has made the solution more 


random and reduced the local order by about 50°, 


3. DISCUSSION 
Let us first consider the relationship between 4z, 
ind the fraction of slipped planes. Slip of only a few 


interatomic distances destroys the local order across 


COLD 


WORK ON LOGE 


COLD WORKED 


\ 
\ 
\ 


TT 


\ 
\ 


the slip plane assumed that only the !11] 


planes are active. then slip on all of the planes In any 


two intersecting !111! plane Ss Is sufficient to make the 


solution completely random Since there are fow 


‘LIL! planes, the fraction of slipped planes X 


From the data obtained in this work, X 

~ 1/3. That is, slip has occurred on approximately 
one-third of the possible slip planes in this severely 
would be difficult to detect 


deformed material. It 


such fine slip 1 metallographic methods 
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It is possible to estimate the change in enthalpy 
associated with the randomization of the alloy, using 
the quasi-chemical approximation for the heat of 
In this theory. the heat of mixing, H™, is 
P Eup 4 
It is easily shown that the change in relative 


mixing. 
given by H™ 

E 
enthalpy per mol 


a change in local order is given by 


where 


where Avogadro's number. 


number of nearest neighbors. 


For example, in the case of the Au-Ag system, the 


250 cal/mol. 


Q) 


Extrapolating the data of Norman and Warren," 


value of Nov has been evaluated as 


a 0.07 (for a 62 Au atomic per cent alloy): thus, 


0.03. and SH™ > 


0.1 cal/g. The energy stored in filings of such an alloy 


after severe deformation. 0%, > 


has been recently measured to be 0.46 cal/g.“ and 


it is evident that the energy associated with the 


randomization of the alloy is not negligible. 
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PLASTIC DEFORMATION OF GERMANIUM IN COMPRESSION* 
J. R. PATEL? and B. H. ALEXANDER 


The effect of temperature, orientation, impurity content, and annealing on the compressive st 
strain characteristics of germanium single crystals has been investigated It said that 
deformation characteristics resemble in a general way the plastic behavior of face-cente 1 cubic met 
The strain-hardening coefficient decreases very rapidly as the temperature is increas but de 
fall to zero as the melting-point is approached. Prolonged annealing of deforme: 
temperatures does not markedly decrease the density of dislocations as revealed by 
samples oriented for single slip, double slip occurs from almost the start of deformation; 
planes are of the primary and critical type. Dislocations have been shown to lie along slip line 
germanium, and the variation of dislocation density as a function of strain has been established 


direct count of the etch pit density. 


LA DEFORMATION PLASTIQUE DU GERMANIUM SOUMIS A LA COMPRESSION 


Les auteurs étudient linfluence de la température, de orientation, de la teneur en impuret: 

recuit sur les caractéristiques tension-déformation de monocristaux de germanium déformés plast 
ment en compression. On peut dire qu’en général les caractéristiques de cette déformation ressemblent 
au comportement plastique des métaux cubiques a faces centrées. Le coefficient de consolidation 
déformation décroit trés rapidement lorsque la température augmente, sans toutefois s’annuler 
environs du point de fusion. Un traitement prolongé a température élevée d’échantillons déformés ni 
diminue pas sensiblement la densité des dislocations révélées par les piqtires de corrosion. Les écl 
tillons orientés en vue d'un glissement simple se déforment cependant par glissement double quasi des 
le début de la déformation; les plans de glissement effectif sont des ty pes primaire et cubique. On a pu 
montrer que dans le germanium les dislocations se disposent selon les lignes de glissement et la variation 
de leur densité en fonction du degré de déformation a été établie pal dénombrement de la densit 


piqures de corrosion, 


PLASTISCHE VERFORMUNG VON GERMANIUM IM DRUCKVERSUCH 


gsyehalt und liuhbehan 


Es wurde der Einfluss von Temperatur, Orientierung, Verunreinigun 
auf die Druck-Verfestigungskurven von Germanium-Einkristallen untersucht Man kann sagen, dass 
die Verformungs-Erscheinungen in ihren allgemeinen Ziigen dem plastischen Verhalten kubiscl 
flachenzentrierter Metalle ahnlich sind. Der Verfestigungskoeffizient wird mit steigender Temperatur 
sehr rasch kleiner, sinkt aber bei Annaherung an den Schmelzpunkt nicht s auf Null. Langeres 
Tempern verformter Proben bei erhédhten Temperaturen fiihrt nicht zu einer erklichen Abnahme det 
durch Atzgriibchen angezeigten Versetzungsdicht« Bei fiir Einfachgleitung orienti en Proben tr 
meist von Beginn der Vorformung an Doppelgleitung auf; die aktiven Gleit« 
und die “‘kritische’’ Ebene. Es hat sich gezeigt, dass die Verset 
Germanium liegen. Die Anderung der Versetzungsdichte als 


direktes Auszihlen der Atzgriibchendichte festgestellt 


Little was known about the deformation of crystals cubic lattices. It is reasonable, therefore, to expect 
with a diamond-cubic lattice until the work of that the geometry of slip in germanium should 


) demon- resemble that In face-centered cubic metals It 


Gallagher™ and Graf and his co-workers® 
strated the remarkable extent to which germanium has been determined that plastic deformation in 
and silicon can be plastically deformed at elevated germanium occurs above 400°C by glide on {111 
temperatures. Indeed, the extremely brittle behavior planes.”’ More recently the slip direction has been 
of these covalently bonded materials at room tempera- found to be [110].@ As in the case of face-centered 
ture provides no indication of their excellent plastic metals, straight well-developed slip bands can _ be 
properties at high temperature. Both these elements observed on suitably prepared surfaces of deformed 
possess the diamond-cubic type of lattice which can germanium. 


be visualized as two interpenetrating face-centered Prominent in germanium are two important 


phenomena, intimately connected with the deforma 


* Received July 1, 1955; revised version November 18, tion process, that are not readily observed in most 
1955. This work was carried out by the authors at Sylvania . 
Electric Products, Inc., Electronics Division, Ipswich, Mass. 

Now at Raytheon Manufacturing Company, Research studied 
Division, Waltham, Mass. 
Now at CBS-Hvtron, Lowell, Mass. 1. The ease with which dislocations” are revealed 


metals where plastic deformation has been widely 
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curves of germanium single crystals 


Fic. 1. 


in COMpressioln as a function of temperature. 


Stress-stramn 


on certain crystallographic faces by proper metallo- 


graphic techniques provides a powerful tool for a 
with 


this 


study of the deformation process. Combined 


the metallographic observations of slip lines, 
provides a straightforward visual method of verifying, 
at least qualitatively, the correctness of dislocation 
multiplication mechanisms proposed to account for 
the large amount of slip that occurs on glide planes. 
One is also able to obtain a correlation between strain 
visual observation 


and dislocation density by direct 


rather than by the indirect means necessary in other 


systems.‘ 
2. Germanium exhibits a pronounced delay-time 


of plastic flow.”) This behavior has been found 


some body-centered cubic metals, but is of extremely 


short duration. ranging from milliseconds to a few 


seconds.'® The delay-time in germanium, however, 
minutes at 


the 


has been found to be as large 
400°C. This 


consequent ease with which observations can be made 


as twenty 


very pronounced delay-time and 


on this system makes this an ideal material for the 


study of this little-understood phenomenon at 


elevated temperatures. 


The present study is concerned primarily with the 


stress-strain characteristics of germanium 


single 


VOL 


crystals in compression, and the effect of such variables 


as temperature. orientation, inipurity content, 


annealing, and polverystallinity on the deformation 


hehavior. 


EXPERIMENTAL PROCEDURI 


High-purity single crystals of germanium were grown 
by the Czochralski technique and oriented by the 


Laue back-reflection method in the desired direction. 


Samples measuring 8.5 mm 3.9 mm 3.) mm were 


then cut from the oriented bulk crystal. The specimen 


ends were ground parallel and placed between two 


refractory cylindrical blocks for compression. The 


blocks were enclosed in a hollow graphite cylinder. 
Heating of the graphite was accomplished by a high- 


frequency induction unit. The temperature was 


measured by a thermocouple embedded in the graphite 


evlinder and controlled within 3°C during the 


experiments. The whole assembly was enclosed in a 


vycor tube under an inert atmosphere of argon, and 
load was applied by a simple lever system. The 
resulting deformation was read on a dial gage. The 
apparatus was designed to obtain primarily the plastic 
stress-strain characteristics of germanium. No attempt 
determine the elastic portion of the 


was made to 


stress-strain curve. The curves were obtained by the 
load-unload technique, i.e. the specimen was allowed to 
deform 15 sec after the application of the load and the 


That 


e actually recorded the true length-change 


load removed before the strain was measured. 
the dial gag 
of the specimen was verified for two specimens by 
measuring with a micrometer the final length of the 
specimen at intermediate points: and after the con- 
clusion of the run, both measurements agreed very 
closely. 

For observations of slip bands, the specimens were 
mechanically polished with No. 600 silicon carbide 
etch CP-4*. 


but were adequate 


grit followed by an with This yielded 


surfaces that were not quite flat, 


for observing slip bands. 
UNIAXIAL COMPRESSION OF GERMANIUM 
SINGLE CRYSTALS 
Effect of Temperature 
The influence of temperature on the stress-strain 
was investigated at a 


characteristics of germanium 


temperatures on samples with the same 
stress-axis orientation. The 
tests at 550°C, 600°C, 700°C, 


plotted in Fig. 1. The 


series of 
results of 


compressive 


and 850°C are 


inset in Fig. | shows the 


concentrated HF; 200 em? 
» 3 


stock solution (2 ¢m? Br in 


* 120 em? 
120 em? 
acid). 


concentrated HNO,; 
glacial acetic 
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initial portions of the curves on a magnified scale 
The strain readings were taken after the load was 
removed; hence, the experimental points even on the 
linear portions of the curves represent plastic strain 
only. While the nature of the equipment precluded 
any precise determination of the vield stress of these 
crystals, the present data indicates that the vield 
stress is not sharply defined, at least for this tempera- 
ture range. The stresses required to cause a plastic 
strain of 0.01°,, vary from about 350 g/mm? at 550°C 
to 75 g/mm? at 800°C. 

The stress necessary to continue glide as indicated 
by the slope of the stress-strain curve is also strongly 
affected by temperature. Fig. 2 shows the slope of 
the stress-strain curve at about 5 per cent strain 


versus the temperature of test relative to the melting- 


point. A relative temperature scale is used in ordet 


to compare the behavior in germanium with that of 
two other metals—aluminum and molybdenum.‘*? 
For both aluminum and molybdenum the hardening 
coetticient decreases rapidly at relatively low tempera- 
tures and reaches a value essentially zero well before 
the melting temperature is reached. This behavior is 
common to most metals, because at high temperatures 
of test a recovery or annealing process is superimposed 
on the basie deformation process. The annealing 
cancels out the hardening due to deformation and 
causes the material to deform at a constant stress 
On the other hand, the strain-hardening coefficient 
for germanium exhibits very different behavior. The 
hardening coefficient in this case also decreases rapidly 
as the temperature rises and seems to depend only 
slightly on temperature as the melting-point is 
approached; the values for da/de, however, show no 
tendency to fall to zero and would, in fact, be higher 
still if the instantaneous values of stress-strain were 
recorded. The extreme sharp rise in the strain- 
hardening curve of germanium at low temperatures 
indicates that enormously high stresses would be 
required to continue glide in these crystals at room 
temperature. 

It was mentioned above that the results in Fig. | 
were not obtained as instantanous stress versus 
strain. In fact, in all cases the specimens were allowed 
to deform for 15 sec after the application of the load 
and the strain reading recorded after the load was 
removed (load-unload technique). To show the effect 
of time of stressing on the stress-strain characteristics, 
two runs were made at a constant temperature ot 
600°C. one where the time of stressing was 7 sec, and 
the other where the time was 15 sec. The results are 
plotted in Fig. 3. The general nature of the curves is 


unchanged, except that the shorter-time curve is 
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versus temperature of test relative to the 


as compared to aluminum 


displaced upward and 


has slight 


molybdent 


ly steepel 


da/dé 38 kg/mm* as compared to da/d: 


for the longer-time 15-sec curve 


Another factor. that 


results in Fig l. is the appreciable 


may possi 


plastic vielding observed in this 


obtain a quantitative 


phenomena, strain-versus-time 
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t a uniaxial compressive stress of 4.3 kg/mm? 


Fic. 4. 


temperature 


it strain versus time as a function ol 


made at four different 550°C. 500°C, 
450°C. and 400°C. 


sponding to an initial stress of 4.3 kg/mm? was applied 


temperatures, 


In each case a constant load corre- 


to the specimens and maintained throughout the run: 
the 
time. Fig. 4 shows the results plotted as strain versus 
While a 


served at 400°C, no delay is observable at 550°C. 


time. 


n appreciable time delay of 20 min is 
It 
is evident then that, at stress levels of 4 kg/mm? and 
bove. the delay effect is negligible on the stress-strain 
curve at 550°C 


It 


mentioned here that these results are some- 


the curves in Fig. 2 ¢ be considered as valid. 


should be 


what 


th 


at variance with the delav-times observed by 
Gallagher“ With 
the 


on bent samples of germanium. 


ipproximately the level as used in 


Gallagher 


ippreciable del vy-time ot plastic deformation in the 


stress 


sale 


OmMpression experiments, has found an 


temperature range 500°C to 600°C: this difference in 
temperature at which the phenomena is observed may 


ve due to the different loading conditions. 


iflue nce of Orientation 


The stress-strain curves of single crystals oriented in 
this 
was fixed at 600°C. 


different directions are shown in Fig. 5. In 


instance the temperature ot test 


The [11] 


followed 


the most. 


This 


and 


hardens 
110 


behavior has also been observed on aluminum 


orientation strain 


by the [100] and directions. 


10) all cases, 


LOO} 


In 
11) 


whereas a lower hardening 


more recently in silver and copper 
crystals with initial orientations near a or 
showed a high hardening. 
was observed in the/110]| direction. The initial portions 


of the curves below about 0.2°, strain do not seem to 


resulting deformation was followed as a function of 


Thus, the compat ison of the slopes ot 


2 
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vary appreciably for the different orientations shown 


in Fig. 5. Above this value the [111] and [100] curves 


harden appreciably, whereas the [110] and curve D 
harden less rapidly before starting to rise again at 


about 6 to 8°, strain. Since the stress in these 


specimens was calculated on the original cross-section 
area, the increase in the slope of the C and PD curves 
may be attributed to the “barreling” effect or the 
increase in cross-section area that becomes prominent 
in these specimens after a strain of approximately 
5 to 6°,. This results in an apparent higher stress 
than is actually the case if the true cross-sectional 
area is used. Samples of orientation A and C' were 
interrupted at various values of strain for an examina- 
tion of slip-plane traces on the specimen surfaces. 
Fig. 6 shows the appearance of slip lines at different 
strains for: (a) a sample oriented near the [111], and 


(b) a [110] sample. For strains below 0.2°,, one slip 


system essentially predominates, and there is little 
difference between the slip patterns for strains less 
than 0.2°,. It is seen, however, that at larger strains 


the [111] sample shows a definite coarsening of one set 
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0.06 per cent 


f slip bands, whereas in the [110] sample no such 
coarsening is evident. although slip on the second slip 
system is very pronounced. This difference in slip 
band formation may be related to the different 
strain-hardening behavior. Coarsening of primary 
slip bands has also heen noticed in coppel 10 crystals 
oriented near the [111] 

Microscopic examination of crystals of orientation | 
deformed at 800°C to 14°, strain show what appeai 


to be fine kink bands, Fig. 7, of the type observed in 


single crystals of copper?” and aluminum.” The 


pronounced barreling”’ effect in this sample attests 


to the constraints imposed by the end refractory 
plates. As commonly believed, the kink bands may in 
this case be attributed to relief of lattice bending 


caused by the inhibiting effect of the end constraints 


( om pre Ssion of Polycrystalline Germanium 


Stress-strain experiments were made on a numbet 


of polverystalline samples at a temperature of 600°C 


FORMATION 
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‘curve of polyerystalline sample 
at 6800 ( 


The results on a sample with an average grain size of 
0.15 mm is shown in Fig. 8. The curves for the [111] 

and [110] single-crystal samples are shown dashed for 
An 


in polverystalline cubic metals,“? 


comparison. analogous behavior is observed 


where the stress- 
strain curve in tension is observed to lie between the 
extreme tensile curves of single crystals of different 


orientations. The appearance of slip lines in different 


grains and across a twin boundary is shown in Fig. 9. 


It is evident from the slip pattern that certain 


favorably oriented grains have been deformed more 
extensively than others. The slip lines are discon- 


tinuous at grain boundaries. but are continuous 


though deflected at a twin boundary 


E ffect of Annealing 
The course of annealing was followed by a metallo- 


graphic examination of the etch pattern of disloca- 
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Fy a 


sample deformed at 600°C to 1.5°, 


tions on faces of deformed samples. 


strain, a metallo- 
graphic examination after deformation and also after 
for 30 

of etch 
the 


a subsequent anneal at 800°C min showed 


identical with 


slight 


wractically yatterns 
| I 


perhaps a very decrease in dislocation 


density of the annealed specimen. Similar observa- 


tions on a sample deformed at 800°C yielded about 
the same results. From the metallographic evidence 


it is reasonable to conclude that any softening as 


manifested by a decrease in dislocation density does 
not occur to any significant extent in germanium 
during stress-strain experiments at elevated tempera- 
While the reduction in the total 


dislocations is negligible and contributes little to the 


tures. number of 


thermal softening process, any dispersion of piled-up 
groups of dislocations formed during the deformation 
the stress and 


mean internal 


According to Mott.“* it is 


process will lower 
contribute to softening. 
the large stress field around the piled-up groups that 
are responsible for strain-hardening. Dispersal of these 
packed groups is achieved by a process that involves 
“climb” or the motion of dislocations out of thei 
slip planes. Since this process occurs by the diffusion 
of vacancies or interstitial atoms to dislocations, it will 
occur only at temperatures where these can diffuse 
The extremely low self-diffusion coefficient 
(14) 


readily. 
of germanium makes this annealing process very 
slow when compared to metals. Vogel.'® however. 
has found that polygonization seems to occur when 
samples are deformed in bending at high temperatures. 

Prolonged heating at temperatures approaching the 


melting-point of germanium produces some noticeable 


Fic. 9. 
volvervstalline germanium, LOO 
poly er) 
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(b) 


. 10. X-ray photograms (a) after deformation at 600°C and (b) annealed at 900°C for 16h 


effects. 
strain was heated in a vacuum for sixteen hours at 


A specimen deformed at 600°C to about 1.5°, 
Metallographic examination of the specimen 
revealed that straight rows of etch pits that fell along 
slip lines in the deformed sample tended to break up 
and to become curved after annealing. The density of 
etch pits after annealing also decreased by about a 
factor of 5. The back-reflection Laue pattern after 
deformation shows asterism, Fig. 10, whereas for the 
X-ray pattern after annealing the asterism is markedly 


decreased. 


Effects of Impurities 

A single crystal of germanium was drawn from a 
melt of zone-purified germanium. During the growing 
process the pulling was interrupted to introduce an 


impurity, in this case antimony, into the melt, and the 


pulling operation was resumed. Specimens of the same 


orientation were cut from the undoped and doped 
portions of the crystal. Antimony is a donor-type 
impurity in germanium, and its concentration may 
be measured by suitable electrical measurements. 
Electrical resistivity and Hall measurements revealed 
that the undoped portion was 40 ohm cm n-type, 
corresponding to animpurity concentration of | part in 
10% (10~7°,), while the doped region was 0.06 ohm em 
n-type, with an impurity concentration of 1.4 parts 
in 107 (1.4 10-4). 


both samples at 550°C showed no effect of impurity 


Stress-strain experiments on 


addition on the behavior of the stress-straincurve. 


DETERMINATION OF SLIP PLANES 
The orientations of the samples for which slip planes 
were determined are shown in Fig. 11. Orientation D 


is the same as that of the specimens for which the 
stress-strain curves were determined as a function of 
temperature (Fig. 1). This particular orientation was 
chosen since it lies well within a region favoring single 
slip. It is noticed, however, in the early stages of the 
deformation process, that extensive double slip had 
occurred well before the specimen axis had rotated 
into a position favoring double slip. 

The active slip planes were determined by plotting 
the traces of slip planes observed on two orthogonal 
faces on a stereographic net. In both cases the slip 
planes were found to be (in conventional terminology) 
of the primary and critical tvpe (Fig. 11). While pre- 


mature cross and conjugate slip is observed widely in 


101 
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Fic. Ll. Stereographic 
which slip occurs for sample of orientation D and £, 


projection showing the planes on 
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Fic. 12. Appearance of etch pits at slip lines on {111} face 
> at 600°C, (a) before deformation, 

10%/em?, (b) appearance of slip bands after deforma- 
600°C, 
10°/em?; all magnifications L100 


of germanium deformed 0.5 


p 5 


tion at (c) etched to reveal dislocations p 1.6 
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metal crystals under normal test conditions, slip on the 
critical plane is observed only when the specimen 
axis is initially in the position of symmetry or has 
rotated into the symmetry position. Rotation of the 
axis for these specimens was not sufficient to cause 
them to assume the symmetry position. It is possible 
that the geometrical shape of the specimens might 
result in a larger resolved shear stress on the critical 
plane than on the primary slip plane. For a sample of 
orientation D (Fig. 11), resolved shear stresses on the 
primary and critical plane have been analyzed. It 
was found that the resolved shear stress on the primary 
slip plane is larger than that on the critical by about 


the same factor as for a cylindrical specimen. 


DISLOCATIONS AT SLIP LINES IN 
GERMANIUM 


The large amount of slip that occurs on active slip 
bands requires the passage of dislocations in numbers 
many times larger than are normally present in well- 
for this, 
Read"® have suggested a mechanism for the multi- 
That 


dislocations indeed multiply during the deformation 


annealed crystals. To account Frank and 


plication of dislocations during plastic flow. 


process is shown in qualitative manner by the 


surface of a germanium specimen ground and etched 


photographs in Fig. 12. Fig. 12(a) shows a 
in CP-4. The dark pits on the surface have been shown 
to be due to dislocations whose singular lines extend 
into the body of the crystal. The dislocation density 
Fig. 12(b) 


shows the same surface after the specimen 


as revealed by counting is 5.2 « 103/em?. 
was 
deformed to a strain of 0.5°, at 550°C. It is noticed 
that there is extensive slip on two slip systems. 
12(c) shows the same deformed surface after 
further etching in CP-4. 


follows the same pattern as the slip lines in Fig. 12(b), 


Fig. 


The pattern of the etch pits 


the density as revealed by counting at higher magni- 
fication being 1.6 « 10®/em?. It is seen that etch pits 
fall along the slip markings. In view of the original 
low density of etch pits, this is certainly indication of 
mechanism or 


the operation of a multiplication 


source. Examination at higher magnification reveals 
that at this level of strain, 0.5°/,, the regions between 
the straight rows of etch pits are virtually undeformed, 
although some scattered etch pits that were not 
present originally are to be found in some of these 
areas. With increasing deformation, however, these 
regions become clustered with etch pits, and it is 


impossible to detect any of the regular lineage pattern 


that is evident at low values of strain. An example of 


this can be seen in Fig. 13(d), where a sample has been 


eve ACTA MET 
5 
~ 
(a 
< 
| 
701 
| SS >< 
nN | 
~ 
: 
b) 
Pa 
af 

(c) 
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Fic. 14. Dislocation density p as a function of strain 
Fig. 11, were cut from a single crystal so that {111} 
faces formed two parallel longitudinal sides of the 
specimen. The density of dislocations in the as-grown 
condition as revealed by counting etch pits was about 
6 < 103/em?. The 


strains varying from 0.1°, to 6 


samples were compressed to 


strain at 600°C. 
The {111! faces of the specimens were then ground and 
etched in CP-4. The appearance of the etch pits for 
strains of 0.09, 0.96, 2.5, and 6.1 °, is shown in Fig. 13. 
Except for the sample deformed 6°,, counting of the 
etch pits was relatively easy. Fig. 14 shows the plot 
of dislocation density (p) as a function of strain. 
Some uncertainty is introduced in the data around 
§% the difficulty of 


individual etch pits after heavy deformation. 


resolving 
The 


density increases relatively rapidly at small strains; 


strain because of 


with 1°, strain the density has increased by approxi- 
mately three orders of magnitude from 5 103 to 
2x 10° 


If the change in dislocation density with 


strain 


dp/de is plotted as a function of strain, Fig. 15, it 
is seen that a maximum occurs between 2 to 3°, strain, 
after which dp/de decreases and seems to flatten out 
at higher strains. Fig. 15 would seem to indicate that 
two competing processes operate, one involving the 


generation of dislocations within the crystal, and the 


VOL 
other the migration of dislocations out of the 
For equal increments of strain. the numbe 
tions passing out of the crystal should by 
It is reasonable to expect that relatively fi 
are available early In 


that 


the deformation pro 


most of the dislocations generated fi 


pass out of the crystal to give the observed strain 
Consequently, the number of dislocations trapped 


small \s 


become acth 


the crystal Is detormation 


relatively 


proceeds and more sources 


more dislocations are generated than 


crystal. Finally, at higher strains, back-stresses set 
up by the dislocations and the obstruction offered b 
other dislocations will tend to neutralize the 


sources 


ind thus slow down the generation of dislocations 


CONCLUSIONS 


|. In compressing germanium single cry 
the 


stals 


high temperature, strain-hardening coefticient 


decreases very rapidly as the temperature is increased 
but does not tend to zero as the melting-point is 
approached. The extremely sharp rise in the strain- 
hardening curve of germanium at lower temperatures 
that high vould be 


required to initiate glide in these crystals at 


indicates enormously stresses 
room 
temperature, and most likely fracture would 
first. 


Occul 


The orientation-dependence of the stress-strain 


curves is similar to that observed for metals. The 


1100] and [110] orientations 


orientation hardens the most, followed by the 


3. For polycrystalline germanium the stress 


strain curve is observed to lie between the extreme 


compression curves of single crvstals of difterent 
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Variation of dp/de with compressiv 
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ALEXANDER: PI 


e) 1000 


\ppearance of etch pits at dislocations at various strains; 


b) ¢ 0.98%, 1000 «, (ec) « 2.00 


deformed to 6°, strain and photographed at a magni- 


fication of 2000 

The number of dislocations n that can be packed 
slip plane of length ZL can be estimated by a 
the 


dislocations necessary to neutralize a source activated 


into a 


consideration of back stresses from generated 


Using a general method 
Nabarro,“? 


yy an applied shear stress 7. 
Eshelby, 


has shown that 


developed by Frank, and 


Cottrell 


n aLrk/Gb (1) 


where A is a constant close to unity, G the shear 
modulus is 4 104 dynes/em?, 6 is Burger’s vector, 
and 7 is the applied shear stress, in this case 2.3 kg/mm2?, 
acting on the primary slip plane. From the above, 
10? lines/em. Counting the etch pits along 
2.5 x 10° 


6 
the slip lines shows an average value 7 


On the other hand, in heavily cold-worked 
(19) 


lines/cm. 
cubic metals, the number of trapped dislocations 


The 


per centimeter of the slip plane is about 10°. 


sASTIC 


DEFORMATION 


(b) 1000 


(d) 2000 


0.09%, 500 


2000 


(a) 


1000. and (d) « 6.1% 


observed value of linear density is consistent with the 
density of 1.6 « 10®/em?, obtained by counting on an 
but 
predicted value. Since, in this specimen, slip has not 


area, is an order of magnitude lower than the 
been confined to a single system, the estimate from 
equation (1) may be in error. However, a general 
observation that can be made on dislocation densities 
obtained by direct counting is that they are a good 
deal lower than the present theoretical estimates for 
most metals. Recent X-ray® evidence also shows 
that 


worked metals is generally less than the accepted 


the observed dislocation density of heavily 


value of 10!*/cm?; the estimate for annealed metals 
was also found to be less than the usually accepted 


value of 108/em?. 
VARIATION OF DISLOCATION DENSITY 
WITH APPLIED STRAIN 


To determine dislocation density as a function of 


strain, identically oriented samples of orientation £, 
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AND 
orientation. The same behavior is observed in tension 
in polycrystalline cubic metals 

4. Annealing a previously compressed sample for 
30 min at SOO°C shows a very slight decrease in 
dislocation density. On heating for much longer times 
and at a higher temperature (16 h at 900°C), more 


significant changes are observed. The density of 
dislocations decreases by a factor of 5 and the straight 
rows of etch pits that fall along slip lines become curved 
after annealing. 

5. Increasing the impurity concentration by a 
factor of 700 over an initial impurity content of 
10 


behavior at elevated temperature. 
6. For 


, does not seem to affect the stress-strain 


orientations near the [100|-[]1]1] and 

111|-[110| boundaries, slip takes place on planes of 
the primary and critical type from almost the beginning 
of deformation, even through the specimens are 
oriented in a region favoring single slip. 

7. Dislocations have been shown to lie along slip 
lines in germanium. The linear dislocation density 
obtained by counting etch pits along a slip line has 
heen shown to be an order of magnitude lower than 
the calculated value. 

8. Dislocation density has been determined as a 
function of strain by direct visual examination 
Initially. the density p increases by three orders of 
magnitude from 5 10°/em? to 2 10®%/em? for a 


strain of 1° 


A plot ot dp/de versus ¢ shows that 


90 


dp/de passes through a maximum between 2 to 3°, 


strain 
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THERMODYNAMICS OF 


T. TURKDOGAN, L. E. L 


IRON-CARBON MELTS* 


EAKE,* and C. R. MASSON? 


Iron-carbon melts over the range from medium carbon content to saturation, have been equilibrated 


L300, 1400 


with methane-hydrogen mixtures at 
determined with existing data. 
$400 cal/mole. 


atom fraction of carbon does not obey a particular 


iS In agreement 


was estimated to be about 


gives a simple curve which is practically linear 


infinitely dilute solution as the standard state, i.e. * 


coefficient of carbon with concentration may be expressed as log + 


tree energy ofl solution of graphite in iron has been 


and 
The 


The relationship between the 


trom 


1500°C. The free energy of formation of methane 


value of AH, over the entire composition range 
the 


~. however, 


coefficient and 
N 


Choosing 


activity 
solution law; 
N 


1.0 when 


the plot of a, against 


about 0.12 to saturation. an 


N, — 0, the variation of the activity 
5.0N,. when WN, 0.045, and the 


$400 3.497 ecal/g atom. An 


AG 


found to be 


attempt has been made to calculate the effect of carbon on the activity coefficient of oxvgen dissolved in 


molten iron from 0 to 5.0°, carbon. 


THERMODYNAMIQUE 


Des bains fondus Fe—C avee des teneurs en C 


mis en équilibre des mélanges méthane-hydre 


du 


teneurs 


ave 


jormation néthane accord 


cle 


a ¢ trouvee en 


cdlomaine utiliseées, a ete estimeée a 


dactivité et la teneur en atomes de carbone n/obéit pas a une loi particuliére; 


de N, 
la saturation. 
N, - 0 la variation du coefficient d 

DON, pour 
a AG 4.400) 


t a ite 


fonction 
Sj cde 
activite 


libre 


yramme. 


l'on choisit comme état reterel 
poul 

0.045, et 


oxygens 


| energie 
il/atome 


it activ dissous dans du 


THERMODYNAMIK VON J 


Bereich 
1500 C mit 
Methan, dic 


SISE 
Kohlenstoff-Schmelzen im 
1400 


gsenergie 


Wert fiir AH, 


ZN 


zwische 
1 und 


u von 


li 

} 
aem 


ische 


spetiellen L6sungs-Gesetz: im 


N, 


verdiinnte 


einfache Kurve aie von etwa ) 


malzustand eine unendlich 


Aktin 


ter Kohlenst 


$4000) a ton } 


tatskoemzie! von 


1. INTRODUCTION 
Che ire 


svstems of importance in ferrous metallurgy. 


m-carbon the 


binary alloys form one of 
During 
the 
The acti- 
vity of carbon in molten iron was first investigated by 
Marshall und Chipman 


by Chipman to calculate carbon activity at medium- 


ecent vears some interest has been given to 


thermodynamic properties of these alloys. 
Later an attempt was made 


ind high-carbon concentrations by assuming the 


validity of the approximate solution law proposed 
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DES 
allant 

we»ne 

ave 


environ 
donne une courbe simple qui est pratiquement linéaire ce 


du carbone 


N 


Methan-Wasserstoff-Mischungen 
bestimmt 
gesamten Konzentrationsbereich wurde 
A\ktivitatskoeffiziente: 
Diagramm ergibt 


12 


vurde 


BALNS 
cle 


a 


FONDUS 


+ 
valeurs movennes la saturation, ont 


1400) et 


a 


1300°. 500°C. L’énergie libre de 


AH, le 
le coefficient 
diagramme de a, en 
0,12 


les données connues, La valeur 


4.400 cal/mole. La 


relation 


entre 


A 


une solution infiniment 


environ 
a.d. + 


peut 


jusqu a 


ice diluée, 1.0 


avec la concentration s exprimer: 


dissolution du graphite dans le fe1 
On a 


trouvee 
le 
cle 


a ete 


tenté de ecaleuler action du carbone sur 


fer fondu pour des teneurs allant de 0 a 5° 


KOHLENSTOFF-SCHMELZEN 


n mittlerem Kohlenstoffgehalt und der Natt 


puny 
gebracht 


len 


ins Gleichgewicht 


wurde, ist in Ubereinstimmung mit vorlieget 


1400 cal 
Atomkonzentration 

jedoch 
Zur Sattigung 
d.h. 


der 


aul etwa Mol geschatzt. 
Kohlenstofts 
\bhang 
Wahlt 


und der 


sich fiir a’ 


bis praktisch In ist 


LO fi N, 


ul 


Losung, 


off 


ul Kann 


sO 


mit Konzentration f N, 0.045 


Graphit 
den En 


Saue 


Losungsenergit 


Vor 
versucht, 


Eisen 


gelostem 


by 


Darken and Smith™ for y-iron-carbon allovs up 


to about carbon. Temkin and Shvartsman“™? 


suggested that. because the number of sites available 
iron-carbon melts is 


ot 


coefficient of carbon is given by 


for carbon atoms in 


the 


binary 


one-fourth number iron atoms, the activity 


1) 


W here 


and NV 
fraction 


¢ are the activity coefficient and the 
of There 
justification for this very simple relationship between 
N 


vo Was directly 


atom carbon. is. however, no 


vy, and N,.. Darken and Gurry™? assumed that log 


N,.)*; after 


‘valuating the proportionality factor from the only 
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ivailable data (on one or two points in the iron- 


arbon system), they were able to 
tivity of iron and carbon for any temperature and 
omposition. 


The 


thermodynamics of 


far available the 


iron-carbon 


most reliable data so on 


binary melts are 


those presented by Richardson and Dennis,'® who 
equilibrated iron-carbon melts with carbon monoxide- 
carbon dioxide mixtures at 1560°, 1660°, and 1760°C. 
These authors found that the relative partial molal 
heat of solution of graphite in molten iron was 6400 
‘al/mole, and independent of temperature and com- 
position when WV, 0.025. Thev were also able to 
calculate the partial molal entropy of solution of 
‘arbon for the composition range 0.01—0.025 N, 
Sanbongi and Ohtani have recently measured, in 
high-temperature concentration cell, the electro- 
motive force between two iron-carbon melts acting as 
electrodes in contact with a carbide slag electrolyte. 
Then 


themselves, provide the only data on the activity of 


results, although not consistent amongst 


arbon at medium and high concentrations. 


It is clear from the foregoing brief review that a 


number of speculations have in the past been made to 
aleulate certain thermodynamic properties ot 1ron- 
arbon melts. It was therefore decided to measure 
directly the activ it\ of carbon from medium concentra- 


tions up to saturation at various temperatures. 


2. EXPERIMENTAL 
General 
The experimental scheme was essentially tha 
quilibrating methane-hvdrogen mixtures with iron- 


arbon melts, measuring the concentration of methane 


the gas 


phase, quenching the melt. and analyzing 
The apparatus was virtually a closed 


for carbon. 
svstem in which a solenoid-operated 


the 


pump 


circulated gas mixture through a 


ontinuously 
horizontally disposed tube furnace 

An infra-red gas concentration recorder, adapted for 
nethane, was connected in circuit with the pump and 
furnace system. This recorder proved to be sufficiently 
fol 


nalvsis of the gas system, and provided a convenient 


vccurate to eliminate entirely the need manual 
means of checking the progress of each experiment 
establishment of equilibrium was readily identified 
constant reading of methane concentration 


the the 


On 


entered an ice-trap surrounded by solid carbon dioxide 


leaving furnace system, stream 


gas 
ontained in a Dewar flask. 

To compensate for possible changes of LAs pressure 
the equilibrium apparatus, the 


ceurring within 


irculating gas stream was isolated from the hydrogen 


LEAKE, 4 » MASSON 


calculate the 


LRON 


supply line by a pressure-compensating device 
valves 


With this device 


action chambei Was 


consisting of an arrangement of blow-off 


containing di-butyl phthalate the 


total Vas the re 


pressure 1h 


maintained at a level slightly above atmospheric 
pressure 


The 


measured 


gas-flow rate in the circulating svstem was 


with a capillary flowmeter in with 


SCTIES 


the circulating pump. This pump was provided with 


a variable speed control so that the rate of circulations 


could be adjusted to any desired value 


nace System and meperalure ( 


A platinum-wound resistance furnace equipped 


with a recrystallized, impermeable alumina reaction 


tube. 2-in. diameter. was emploved Electrical powel 


to the furnace was controlled Dy a variable auto 


voltage 


source 


transtormer coupled to a stabilized 
At a 


temperature of 


given setting of the autotransformer. th 


the furnace could be maintained 


constant to within 5C of the required value 


measurements being taken with platinum/13 
rhodium-platinum thermocouple 

held, 
fashioned from cylindrical blocks by drilling a 


hole 


compressing slightly 


The lime crucibles, in which the melts were 


were 


lin -diam 


central The blocks were prepared yy 


] 


moistened powder ad analvtic | 


suitable mold 


reagent-grade calcium carbonate in a 


They were then dried and _ fired 


crucibles, which were externally 


height were carried on alumina 


upon two alumina tubes 
side by side along the botton 


This 


against possible thermal strains 


arrangement served to pre 


cold « harge¢ and facilitated thi withd) 
melt prior to quenching 


In the 


400°C 


experiment 


Hove 


were Tnvoived 


lined with a thick lavel 


powdel in which the lime 


direct contact between 


impracticable t such ten 


) 
Procedure 


Was adjusted to the rec 


The furnace 
and the flushed wi 


An 


composition and approximately 


ture envire systen 


argon iron-carbon charge of 


slowly introduced into the hot 


allowed to 


The charge was 


fol al 


tube 


argon out one hom consider 
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reasonable period of time for the melt to attain 
homogeneit\ 

The flow of argon was then stopped. and puritied 
and cried hvdrogen Was flushed through the apparatus. 
The hydrogen flow was then directed to the pressure- 
compensating bubblers, the circulating s\ stem checked 
for continuity, and the circulating pump set in motion. 
Throughout all the experiments. the rate of gas 
circulation was maintained as closely as possible at 
250 em?/min 

Equilibrium between the gas phase and the melt 
was considered to be established when the methane 
reading traced on the recorder chart levelled out to 
a constant value. The time taken to reach © state of 
equilibrium depended upon the experimental con- 
ditions, and varied from four to ten hours. An 
additional period of two hours was allowed to elapse. 
to check the constancy of the methane concentration. 

The circwating pump was then stopped and the 
chamber flushed with Finally, the 


reaction argon 


melt was withdrawn rapidly, dropped into a vessel of 


water. and analyzed for carbon 


2 4. Mate 


lron-carbon mixtures of the required composition 
were obtained by additions of electrolytic-pure iron 
powder to a master alloy prepared from B.IL.S.R.A 
The 
and 


O.006° 


AG iron and spectrographically pure graphite. 
carbon content of the master alloy was 5.37%, 


were O.OL°, S., 


0.01% Ni, 


the impurities present O.O0OL®, 


Mn. 
and 0.001°,, Al 


0.002°,, Si, 


( 


0.005% 
OOO] UF: 


2 5d. Gas Analysis 


The methane/hydrogen ratio was measured with an 
(Infra ted 


Development Co. Ltd.). The instrument was calibrated 


infra-red gas concentration recorde) 


against a prepared gas mixture of known methane 


content. Reproducibility was found to be accurate 


within 1°. of the true value 


2 6. Carbon Analysis 


Carbon determinations were carried out by the 


combustion method. agreement between duplicates 


being within —0.02°, 


3. RESULTS 


3.1. Side Reactions 


Calculations based on the thermodynamic data on 


the free energies of formation of alumina‘ and 


0) 


aluminum carbide”® indicated that if the water-vapol 


VOL 


partial pressure in the svstem were that of ice at 
liquid-oxvgentemperature, about LO 20 atm of methane 
the remainder of the gas being hydrogen) would be 


sufticient to form aluminum earbide from alumina at 


high temperatures. On the other hand, if the partial 


pressure of water vapor in the reaction chamber was 
adjusted to that of ice at O°C or above, oxidation ot 
methane took place. Calculations and a few exper'- 
ments showed that an ice trap kept at the temperature 
of solid carbon dioxide gave the optimum water- 
vapor pressure which prevented the reduction of 
alumina, and consequently, the formation of aluminum 
was too low to oxidize the small 


carbide. and vet 


percentage of methane. 


3.2. Establishment of Equilihi Lun 


In all experiments, the state of equilibrium between 


the melt and the gas phase was approached from 


described. As 
indicated by the methane recording charts for melts 
C7 and C9, la and Ih, 


ment of equilibrium could easily be estimated. 


zero methane level by the method 


given in Figs. the establish- 


3.3. Free Energy of Formation of Methane 
The free energy of formation of methane is known 
quite accurately up to 1300 K.{) and, as pointed out 


by Richardson.” the available data can be extra- 


polated safely to much higher temperatures. Use has 


therefore been made of these data to check the 


reliability of the present experimental technique by 
measuring the methane/hydrogen ratios in equilibrium 
with spectrographically pure p-graphite at various 
temperatures. The experimental results, together with 


those taken from “Selected Values," ave given in 


Table | 
All the available data on the free energy of formation 


of methane. from its elements in their standard states, 


TABLE |. px H, (pu,)? in equilibrium with /-graphite 


104 in atm 
Temperature 
in K 


Present work Selected values 


900 
1100 
1200 
L300 
1400 


3250 

982.8 

367.7 
160.7 
79.2 
$3.3 

25.6 

\] 1473 31.0 OD 
19.5 = 0.5 

D4 1773 8.2 0.1 
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Fic. l(a). Infra-red gas analyzer methane recording chart 
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Fig. l(b). Infra-red gas analy zer methane recording chart. 
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are given in Fig. 2, from which the following expression 


mav be derived 


AG® 21.550 26.167' eal 


for the reaction 
2H,(9) 


C(p-gr.) CH,(y). 


ASSON IRON-CARBON MEL 


rs 


are calewated from the following e juation, whicl 


based on reliable data discussed elsewhere 
DOU 


At saturation log NV, 


is the atom fraction of carbon 


N 


The range of composition for tl 


where ( 


ie liquid phase i 


IN KCAL 


o 


—AT tn 


SMITH 

© SELECTED VALUES" 

x BROWNING & EMMETT” 
PRESENT WORK 


+ 


1200 


1400 


1600 2000 


TEMPERATURE IN °K 


ot 
standard states 


Free formation 


thei 


energy 


as a 


(10) 


Equation (2) was first given by Richardson, who 


pointed out that the AG® vs. 
represented by this linear equation from about 500° to 


relationship could be 


Kk. The close agreement between the authors’ 
results and those of the previous workers, recorded in 
Fig. 2. indicates the reliability of the method emploved 
in the present experimental work. 

The of 
obtained by equilibrating methane/hydrogen mixtures 


used 


results Browning and Emmett?) were 


with carbon formed by decomposing 


the 


in their experiments was thermodynamically unstable 


pure 


As pointed out by these authors, carbon 


with respect to /-graphite, and consequently no 


weight was given to these results in drawing the line 


tivity of ¢ hon 


lron-carbon melts have been equilibrated with 


LB00°. 1400°. 


concentration. 


and 
The 


Choosing p-graphite as 


methane-hydrogen mixtures at 
range of carbon 


Table 2. 


the standard state for dissolved carbon, activity Is 


L500 c¢ over a 


results are given in 


given | 


vy the ratio of p, u,/(Pu,)” in equilibrium 


with an iron-carbon melt to that in equilibrium with 
the latter 
The 


included in the last column of Table 2. 


p-graphite: used are those determined 


experimentally. activities thus calculated are 


The composition of melts saturated with graphite 


methane, from it 


of 


ot 


function 


ele 


temperatul 


1400 


y-solid 


rather limited at 


At 


containing less than about 3.0° 


, and particularly so a 


1B00°C, solution erystallizes from melt 


carbon, and at 1400°¢ 
the separation of the solid phase takes place when the 
melt contains less than about 2.0°,, carbon, and there 
fore in alloys Cl to C6, which lie within a two-phase 
region, the activity of carbon remains constant withit 


\ 


samples atte quenching indicated the 


experiment il error Visual examination of 


these 


sone solid phase ilong with the liquid it the wor! 


temperature 


It should be pointed due to the ex] 


ment il difticulties involved only i 


experime nt 


500°C. It was observed ft] 


could be conducted at | 


this and itures, the  reerystalli: 


ul] 
Although 


the leakage of gas was very small and would not have 


higher tempet 


alumina tubes developed few very sm 


within about two davs of continuous use 


phase 


been continuously swept out of the reaction chambe 


interfered with the experiments, had the gas 
in the closed system employed this leakage could not 
the 


tolerated Kor successtul 


at 


he experiments 
sed 
in fact, for the entire experiments five tubes wer 
In ol ot 


recrystallized alumina tubes of the right dimensions 


carried out two new tubes had to be u 


consumed view the difficulty obtainin 


ou 


no further experiments could have been carried 


experiments at highet 


Another limitation imposed on 


presence 


? 
— 0.375 
| 
| 
| 
| 
Fic. 2. | sts 
CCl 
in Fig. 2. | 
34. 
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temperatures and lower carbon concentrations was 


that under these conditions the equilibrium methane 
hydrogen ratios were too low to be measured and 
recorded by the infra-red gas analyzer available. The 
the 


dioxide mixtures are of the reverse order; for example, 


limitations to use of carbon monoxide-carbon 


as pointed out by Richardson and Dennis," at 1560°C 
Poo)?/Peo, equilibrium with more than 1.0°, carbon 
cannot be metered into the reaction chamber with 
sufficient accuracy nor can such high carbon monoxide 
carbon dioxide ratios be measured by any of the 
commercially available instruments. In spite of these 
limitations, however, the experimental results recorded 
cover a fair ot composition and 


in Table 2 range 


temperature and justify drawing some conclusions. 


4. DISCUSSION 


A ppron imate Solution Law 


Darken 


From the thermodynamic considerations 
and Smith@ 


expression by means of which the activity of carbon 


derived the following approximate 


a. May be related to the composition ot Y) iron- 
carbon alloys containing up to 0.07 atom fraction of 


carbon: 


120) 


where the term 4 is defined 1 
6) 


where AE is the energy required to bring two dissolved 
carbon atoms. with no adjacent interstitial carbons. 
into nearest-neighbor sites. The constant [ in equation 
5) is equal to In y,. at infinite dilution. The experi- 
mental results of Smith agreed well with expression 
AE was found to be 1500 eal 


for the temperature-range 800° to 


5). and the value of 


Richardson and Dennis‘® treated their results in a 
similar manner, and found that a plot of log (a, N,,./N-) 
against N, N, 


1560°C; from the slope of the line, AE was found to be 


gave a straight line for melts at 


2600 eal. 
Although the approximation involved in the deriva- 


tion of equation 5) is small in dilute solutions. and 


not detectable by the experimental results, it is, 


however. doubtful whether such a solution law could 


satisfactorily be applied to more concentrated 


In Fig. 3, log 


( 


solutions. ) 1s plotted against 
IN, 


Richardson and Dennis. 


{ 
from the present results and from those of 
As pointed out by Richardson 


and Dennis. thei experiments at 1660° and 1760°C 


magnesia boats were not satisfactory: these 


results are therefore not included in Fig. 3. It is to be 
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melts in equilibrium wit! 


Xtures 


TABLE 2. Iron-carbon 


methane-hydrogen m 


Melts at 
12.0 
12.0 
14.0 
16.0 


L300 


1400 


¢ 


Experiments with pure /-graphite. 


* Carbon concentrations caleulated (see text). 


1400 
and probably also for L500°C are practically zero trom 
0.14 
carbon. This indicates that, if equation (5) still be 
applied, AE < 0. 


Although there is a wide gap between the points at 


noted that the slopes of the lines for 1300 


saturation down to about atom fraction § of 


high- and low-carbon concentrations. it is clear from 


Fig. 3 that, at a given temperature, the value of AF 
is very small near the saturation point but increases 
as the solution becomes dilute with respect to carbon. 

The data given Sanbongi and Ohtani do not compare 
well with the above observations: the activities they 
measured ((-graphite being the standard state) are 
Thei 
. and 1550°C also indicate that 


lower than those of the authors by about 0.1 
results for 1445>. 1485 


AH. is 


temperature, which is not regarded as likely 


very high, and varies appreciably with 
within 


such a narrow range of temperature. 


Relative Partial Molal Quantities 


» 


It may be observed from the relationship in Fig. 3 
that from 


down to about N, 


the values of log a Ny. N saturation 


( 


0.14 can he 


equation (4), which gives the temperature dependence 


calculated 


from 


$02 LURGICA, 
POH 
lo 
pu,)? ( 
ati 
BI ? 62 
3.05 O.615 
3 3.40 O14] OTIS 
3.66 
o* | 4.6747 
Melts at 
+S 1.52 O.067 
3 4.7 O.373 
7 6.0 2.63 0.112 0.476 
6.5 6S (114 
s.0 3.22 O.134 W635 
8.7 3.29 0.137 | 
10.2 3.87 
L3 12.6 £9055 O.LO51F 
Melts at 7 
3.70 0.154 0.5908 
= 6.2 53.80 W155 0.756 
3 6.5 3.99 O.162 O.743 
4 5.2137 OP? 038F 
In (a.Ny/N.) = (13 6 4 
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of graphite solubility in iron, where a 1.0 by the from the authors’ results. Taking AH, equal to 
definition of the standard state. The following 4400 eal/mole and independent of composition, AS 


results are obtained: 
has been caleulated from the original experimenta 


0:8) 


GRAPHITE | 


(¥-Fe+LiQ) | x 


1300 | 
1400} 


RICHARDSON + 
7e0| & DENNIS 


PRESENT 
WORK 


1760 
0:16 0:20 0:24 


i. 3. Activity of carbon related tc composition at various temperatures 


3. Caleulated data result and plotted against the atom fraction of carbon 
in Fig. 4c, where the points lie fairly close to a smooth 


log (ac Ne) curve 


Neo saturation 
from Ny 0.14 to saturation 


Activitic N of ( ‘arbon and Tron 


1300 0.1858 — 0.0013 0.642 — 0.03 It is not vet clear whether AH,. varies with the 
1500 0.2038 — 0.0026 0.592 0.07 concentration of carbon in a manner similar to that 


of curve [ in Fig. 4a or AH,. remains constant at 


KCAL 


The limits of uncertainty given in Table 3 are estimated 
from the data used to derive equation (4), which has 
recently been published elsewhere.“* From the values 
in the third column of Table 3, the relative partial 
molal heat of solution of carbon, AH, is calculated. 
and found to be 3200 300 cal/mole. The scatter of 


the points about the horizontal lines drawn through 


a He KCAL/MOLE 


the saturation points in Fig. 3 increases the limit of 
uncertainty, giving a total uncertainty of 1200 
eal/mole. Richardson and Dennis showed that in 
dilute solutions, i.e. V, 0.025, AH,. is equal to 
6400 2000 cal/mole. 

As indicated by the dotted curve (I) in Fig. 4a 
AH ,. decreases as carbon increases from 0.025 to about 
0.14 ‘V,. and then remains unchanged. Combination 
of this curve with the activity values, taken from the 300°C) : 

FRESE 
400°C F ~=WORK 
500°C | 
IS60°C | RICHARDSON 


lb60°C } 
[ DENNIS® 


curves in Fig. 3. make it possible to calculate the 


partial molal entropy of solution of carbon, AS, 


aSc CAL/MOLE/ DEG 


these values are plotted in Fig. 4b. The limits of 
uncertainty in the values of AH,. are fairly large, and 
it therefore seems more justified to assume an inter- 
mediate value for AH,. which is independent of 
composition. The horizontal line (Il) in Fig. 4a 
corresponds to the lowest value of AH,. given by 
Richardson and Dennis and to the highest calculated ies ta: 


| | 
| 
T 
8 
A x 
A | 
0:04 0:08 
N- 
Nee 
C | 
4 
056 
4 
NL 
S | \ 4 
\ 
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=| 


SATURATED WITH GRAPHITE 


Oo 


Vv ~ w 
S 
t-—— 07 
02 +—O-6 
O 
O 0:08 O16 
ATOM FRACTION OF CARBON 
Fic. 35. Relationship between log ve. dc, are and 


composition for melts at 1600°C. 


about 4400 cal/mole over the entire composition 
rang 


calculations, that AH. is equal to 4400 cal/mole and 


independent of temperature and composition within 


e. Assuming, for the purpose of subsequent 


the limits of accuracy of the data, the activity of 


carbon may be calculated for any temperature and up 
to carbon saturation from the relationship in Fig. 4c. 


The results of the computations are given in Table 4. 


TABLE 4. Activities of carbon and iron 


g ( log 
at at aly at at 
1600 temp. 1600 C 1600 
we 
Standard states 


nitely pure 
graphite dilute graphite liquid 
sol. 


f O.250 0 1.0 

12.4 0.197 0.053 0.00635 O.989 
O02 LOLS O.149 O10] O.O14] 
O.106 0.144 O.0235 O.965 
O04 O.056 O.L94 0.0352 
0.06 0.095 0.345 0.0746 0.916 
O08 6.1 0.277 0.527 O.151 O.873 
5.0 0.420 0.670 0.263 O.S825 
G.12 4.2 O.516 0.766 0.394 0.783 
5 0.602 O.852 O.560 0.747 
O16 0.632 O.SS2 0.686 O.718 
is 2.8 0.646 O.S896 0.796 0.696 
aro 9 0.666 0.927 O.677 
0.2118* 2.35 O.674 O.924 1.0 0.668 


Melt saturated with graphite at 1600 . 
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The activity of iren (pure liquid iron being the standard 
state) was calculated by means of the Gibbs-Duhem 
equation. 

In Fig. 5a the values of log y,. (standard state being 
p graphite), given in Table 4, are plotted against 
composition for melts at 1600°C. Activities are given 
in Fig. 5b for melts at 1600°C. It is interesting to note 
that although the log y, vs. NV 


relationship is a 


high-order function, a plot of a,. against N,. gives a 
much simpler curve which becomes linear from about 
N 0.12 to the limit of solubility. 


$.4. The Free Energy of Solution of Carbon in Tron 


It should be noted that the curve in Fig. 5a can be 
taken as linear when JN, 0.045 and, on extrapola- 


0 a5 


tion to zero carbon content, log v,.° becomes 0.25 


( 
for 1600°C. The standard state of carbon can now be 
converted, if required, from / graphite to an infinitely 
dilute solution by the following expression: 


log log log y, 0 


where y,. and y,° are the activity coefficients at any 


carbon concentration and at infinite dilution, respec- 


tively, when / graphite is the standard state, and >, 
is the activity coefficient at any carbon concentration 
when the standard state is an infinitely dilute solution 
in which activity is equal to the atom fraction. The 
values of y',., given in Table 4, become independent of 
temperature as a result of the assumption that A//,., 
which is taken as equal to 4400 cal/mole, does not 
vary with composition. In dilute solutions, the 
following expression may represent the relationship 
hetween log y’,. and 

log 5.0.N,. when NV 0.045 


The free energy of solution of graphite in liquid iron 
may be calculated from AH, 4400 cal/mole and 
log +, 0 0.25 at 1600°C to give 


C(p-gr.) = [C] 


AG? 4400 3.497 10) 


If weight percentage of carbon is to be used instead 


of atom fraction, then equations (8) and (10) become: 
log fi 0.233(C°®,| when C 1.0°,, 11) 
and AG® 4400 9 59T 2) 


To avoid confusion of various activity coefficient terms, 


f will be used when activity coefficient is related to 


composition in weight per cent and, when composition 
is represented in terms of atom fractions, y will be 
emploved. 


The factor 0.233 in equation (11) agrees well with 


(a) 
© 
-0O25 | | 
a 
(b) 
Inf 


} 


TURKDOGAN, LEAKE, 


AND 


that (14) 


i.e. log fi 


Turkdogan et al.. 
0.22 [C°,]|, from the data of Richardson 
the 
polating the equilibrium ratio, i.e. 


derived previously by 


and Dennis‘® by well-known method of extra- 


9 ‘ 
Oo 


(Pco)"/Pco, ols 
to zero carbon concentration. 


4.5. Carbon-Oxygen Interaction 


Phragmen and 
carbon-oxygen reaction by equilibrating pure iron 


melts, containing less than 0.1%, carbon, with carbon 


monoxide-carbon dioxide mixtures of known composi- 
tions at 1550° and 1700°C; the metal samples were 
The 
attempt may be made to compare their results with 
of the of 


equation (12) and the free energy of formation of 
(10) 


analyzed for carbon and oxygen. following 


those present findings. Combination 


carbon monoxide from graphite and carbon dioxide 
vields 
[C] 


CO,(7) 2CO(q). 


AG? 31.667, 


36.100 


TS9O 


log K 6.921. 


(a)-15SO°C 


POINTS: PHRAGMEN & 
KALLING 


PRESENT 
CALCULATIONS 


0-04 0-08 
ACTIVITY OF CARBON 


to 


LINES 


Fic 6. Ratio (pco)*/pco, related carbon activity 


state of carbo! s infinitely 


1.0 


dissolved 
coefficient 


cent; standard 
lilute solution, 


mcentration 


i.e, activity when carbo 


Zero, 


MASSON 


Kalling“® have investigated the 


RON-CARBON 


4 
WEIGHT PER CENT CARBON 


carbo) 


coethcient o 


carbo! 


In 


carbon 


iron-carbon-oxygen melts containing very little 
the concentration of oxygen is high and its 
ot 


It has reece ntly heen shown that 


HeCCOTILES 


14 


effect the activity coefficient carbon 


on 


noticeable 


0.485 Ce when | 16 
( 


where f, represents the activity coefficient factor of 


The factor 
ot 


the 


oxygen in iron-carbon-ox\ ver mie Its 
effect of the 
carbon, can be calculated from equation 


Wagener, 


the oxygen on activity coefficient 


method introduced by and the following 


is obtained 


17 


17, 18 


vivell elsew here 


16 


Details of this calculation are 


The thermodynamic considerations indicate that 
in very dilute solutions the following expression may 


he written 


Is 


O 56410 10 


The activity of carbon in the melts of Phragme n and 


1S) has been calculated by 19) and 


and 6b 


Kalling equation 


o)* PCO 
are plotted against the 


in Figs. 6a ratios for 1550° and 


respectively activity 
The straight lines drawn are those calculated 


LS 


ot carbon 


from equation which the equilibrium 


UO 
(a) 
O 
-O-4) 4 4 
(b) 
U 
13) 
: 
ind 15 Fic. 7. ActiVit binary melts 
i etiect Ot 01 act t coeth nt of oxvge 
ternary elts, are relate to weight per cent 
956 
| | | | 
lo: 
a pS 
° 
Te) 
O | | | | 
(b) -1700°C 
16) by 
= 
U 
i.e log f,. = 0.233/C' 
| 
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constant of reaction (13). Considering the accumu- 
lated errors, resulting from the use of data from 
several sources, involved in the calculations of a,. and 
equation (15), the distribution of the points about the 
lines in Fig. 6 is very satisfactory. 


At the time the relationship between log Ton and 
concentration of carbon in iron-carbon-oxygen melts 
was evaluated,“ the values of f;. were known only up 
to 1.0°, carbon: the present results now permit the 
evaluation of f,° up to about 5.0°, carbon. (For the 


details of the method see a recent paper by Turkdogan 


et al.) In Figs. 7a and 7b, log ft and log f,* are 


plotted against the weight per cent of carbon. It 


should be noted that log f{. is numerically the same as 
log »’,. which is given in Table + for concentrations in 


atom fraction. 
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THE STRUCTURE OF LITHIUM-MAGNESIUM SOLID SOLUTIONS—I* 
Measurements on the Bragg Reflections 
H. HERBSTEIN?* and B. L. AVERBACH 


seven BCC Li-Mg 


strong negative deviation from Vegard’s law and a miu \ the parameter-compo 


Lattice parameters have been measured at 20°C and 3 °C for 


65 atomic per cent Li. Two measurements have been made on martensitic FCC L 


and a negative deviation from Vegard’s law is also indicated for these alloys 
while 


of Li in Mg, both the a and ¢ axes decrease with increasing Li content, 
1.6235 for pure Mg to 1.608 at 18.4 atomic per cent Li (the «/x > phase 
The presence of local static displacements of the atoms from the 


demonstrated from measurements of the Bragg intensities at 295 K and 90 K 


sites ot th 


ments have also been used to derive va'ues of the Debye characteristic temper 


LA STRUCTURE DES SOLUTIONS SOLIDES LITHIUM-MAGNESII 


Mesures sur les réflexions de Brag 


Les parametres du réseau ont été mesurés a 20°C et 


cubique centrée, On constate une forte déviation néga 
dans la courbe parametre-composition pour une 

sur des alliages martensitiques Li-Mg (structure cubique 
et un écart négatif a la loi de Végard a également été 
he xagonale compacte cle Li dans Meg. les deux axes et 


que le rapport c/a decroit de 1.6235 pour le mag 
le 18,4°, de Li (frontiére x/z } 

L’existence décarts statistiques locaux 
par des mesures dintensité de réflexion cde 
itilisées pour déduire les valeurs de la 
structure cubique centre 


DIE STRUKTUR VON LITHIUM-MAGNESIUM-MISCHKRIS1 


\lessungen an ce 


An sieben kubisch-raumzentrierten Li-Mg-Legie 
IS3 C gemessen Dabei ergibt sich eine starke 1 
ein Minimum in der Gitterkonstanten-Konzentratior 


wurden an martensitischen, kubisch-flachenzentriert¢ 


t 


bei diesen ergaben sich Anzeichen fii eine hepa 
hexagonal dichtest gepackten Mischkristallen voi 
mit wachsendem Li-Gehalt ab, wahrend das Achsen 
\tomprozent Li (Phasengrenze 

Intensitaten bei 295 K und 90 K wurde das Vorliege 
aus den Platzen des mittleren Kristallgitters heraus 
weiterhin dazu verwendet, Werte fiir die Debye 


Legierungen abzuleiten 


1. INTRODUCTION correlated in terms of nearest-neighbor binding for 


In solid solutions of transition and Group 1B metals, alone and. it appears necessary to introduce 
on-core repulsion plays an important role in deter- forces arising from changes in electron energy levels 
mining the properties of the alloys. The Au-Ni,“: ? 4 The Li-Mge svstem was chosen for this investigatior 


Au-Cu,@; ») and Co-Pt*: ” solutions are examples of —}ecause the ion cores are small, and the effects of 


this tvpe which have been investigated recently by overlap should be negligibl constituent 


electron 


thermodynamic and X-ray methods. These solutions are also relatively simple and unusual 


t 


show a marked size effect in that the atoms are effects would not be expected. In 


displaced from the sites of the average lattice because — jyy. stigation the lattice parameters 


of the close packing of atoms of disparate sIzes In allovs } phase ) were measured at 295 and 9O°K 


addition, X-ray and thermodynamic data cannot be parameters of two allovs were also measured at 


CORE ib itter transtormation to he martensiti ( 
U.S. Atomic Energy Commission under Contract AT(30 Che lattice parame HCP alloys 
t 295-1 ‘h lattice parame 
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value a 
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at — 183°C. 
the « ratio fro} 
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intensity measur 
erature f f BCC allo 
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e ala loi de Végard et lL existe 
rat ator que ie Oo Deux esures 
faces centrées) ont été effectu 
trouve Dans les solutions s ‘ structur 
roiaeent rsque la teneur « | 
esiu ir a |L.608 pou lie ert to 
( 
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. ATOMIC PER CENT 

Fic. 1. The phase diagram of the Li-Mg system 
according to Freeth and Raynor.” 


indicate that the Li-Mg interatomic distance is less 
than the average of the atomic diameters of the pure 
A preference for unlike nearest neighbors 


diffuse X-ray 


scattering measurements showed that such a short- 


metals. 


would thus be expected in these alloys: 


range order exists, and these data are deseribed in 
Part IT." 

The displacements of the atoms from the sites of 
the average lattice can be detected by two types of 
X-ray 


the integrated intensities of the Bragg reflections in 


measurements. The static displacements affect 
the same manner as the dynamic displacements 


produced by thermal vibrations.{: The static 
displacements are, however. independent of tempera- 


X-ray 


Such measure- 


ture and can be derived from intensity 


measurements at two temperatures 
ments are described in this paper. On the other hand, 
atomic displacements also lead to a modulation of the 
diffuse scattering distinguishable from thet associated 


and these measurements 
both 


with short-range order. 2, 
Part II; 


correlated in the latter paper. 


are presented in sets of data are 

The dynamic displacements arising from thermal 
vibration are related to the Debye temperature, and 
X-ray 
several BCC alloys 


Debye temperatures are presented here for 


2. PREVIOUS WORK ON THE Li-Mg SYSTEM 
The phase diagram of the Li-Mg system had been 


determined by a number of workers: the most recent 
results are those of Freeth and Raynor,”?) which are 


shown in Fig. 1. BCC Li can dissolve about 70 atomic 


per cent magnesium and HCP Mg can dissolve about 


IS atomic per cent Li. There is no superlattice 


13) 


formation in this S\ stem,’ and this has been confirmed 


by our present results. A complex ordered structure 


with the atomic ratio Li,Mg. has been reported”) for 
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alloys heavily contaminated with interstitial impurities 
but this 
(14) 


(oxygen and nitrogen), structure appears 


improbable for the pure alloys. Previous workers 


have reported lattice parameters for a number of 


alloys": 19, 16,17 while resistivity measurements have 


been made over a wide range of compositions and 


temperatures.°- 18) Pressure-volume relationships at 


room temperature and the variation of resistivity 
with composition have also been measured.“*®) The 


occurrence of a martensitic transformation at low 
temperatures has been demonstrated in alloys of high 
Li content. 

3. EXPERIMENTAL 
(i) Materials. 


supplied by the Dow Chemical Company, who also 


METHODS 


The alloys used in this work were 


provided analytical data for some of these alloys; 


the remaining alloys were analyzed here for magnesium 
The weight percentage of sodium was less than 0.03 
in all cases, and the amounts of other impurities were 
correspondingly small. 

The 


parameters of the alloys at room temperature were 


(ii) Lattice -parameter measurements. lattice 


measured with a recording spectrometer and a 


Bradley-Jay type powder camera. Measurements at 
90° K were made with the spectrometer, the specimens 
being cooled by a continuous stream of liquid nitrogen 
For the alloys with high Li content, spectrometer 
the 
and the 
and 89 atomic 


114.6-mm North 


American Philips powder camera, modified to permit 


unreliable because oft low 


the 


measurements were 


absorption coefficient of samples, 


parameters of the alloys with 81 


per cent Li were measured in a 


the specimen to be bathed in liquid nitrogen.* 


Specimen temperatures were measured with a copper- 
(Ni- 


measurements, the 


constantan Cuks radiation 


filtered) 


thermocouple. 


was used for all these 
wavelengths of the x, and «, lines being taken to be 
1.54050 A and 1.54434 A respectively.(“° The cell 
dimensions of the cubic alloys were determined in the 
usual manner by extrapolating the (linear) plot of a 
against sin? 4 to 4 ) For the HCP alloys, the 
Archard*! 


For the room-temperature measurements 


computational procedure suggested by 
was used. 
the temperature during the experiments was noted 
and an approximate allowance for thermal expansion 
made. The values of the lattice parameters are given 
in Tables 1, 2, and 3. The maximum discrepancy of 


-O.00LA 


(ili) Thermal and static displace ments of the atoms. 


the individual values from the mean values is 


The dynamic and static displacements of the atoms 


designed 


Warre: 


* The modifications to this camera were 
Dr. E. H. Jacobsen: we are grateful to Prof. B. E 


for loaning it to us for this work 


r \ } 
- 4 | ~ 
2+ 
| | 


HERBSTEIN AVERBACH: 


AND 


Lattice parameters of the BCC 
Li-Mg alloys 


(P-phase) 


aat 20 C 


Film Spectro Spectro 
I I 
meter meter 


(A) (A) 


3.519 
3.504 3.483 
3.499 3.477 
3.495 3.473 
3.494 3.408 


3.902 


3.500 
3.510* 


Reterence (22). 


TABLE 2. Lattice 
Li-Mg alloys (martensitic phase) at 


parameters of the FC 
C 


Film measurement 


Atomic 
per cent Li 


sv 
Loo 


Reference (22 

TABLE 3. Lattice parameters of HCP Mg-Li alloys at 20 ( 
19em Bradley-Jay powder camera 
Atomic ( 

per cent Li \) 


5.2106 
5.1714 
5 1474 


5.1319 


from the average lattice sites are given for a disordered 


hody-centered cubic Li-Mg alloy by 


pF hkl) 


2 exp 


sin* 
Mii 


where F(/k/) is the measured structure factor on an 


arbitrary seale, p is the conversion tactor to the 


absolute scale, My; are the atomic fractions of Mo 


and Li 


atomic scattering factors, up", ug? 


Ji 
in the alloy, ave the theoretical 
Unt, Uc are the respective 
mean-square amplitudes of thermal and static dis- 
placements of the atoms from the sites of the average 
lattice. 4 is the Bragg angle, and / is the wavelength 


The Hartree atomic scattering factor (Viervoll and 
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Since the angular 
{/Z) 


where Z is the atomic number, for Me and Li are 


Ocrim were used for fy ind 


dependence of the unitary scattering factors 


closely similar, and on assuming equal displacements 


for the atoms, equation (1) can be rewritten 


sin* 
pF (hkl) 2f exp 
42 


exp 


where { is a weighted mean atomic scattering factor 


and u,* and are 


atom 


mean thermal and static 


displacements. The mean thermal displacement can 


he defined by 
Z\ 

3 


to? 


Boltzmann 
Debve 


where A is anck’s constant, k is 


constant, T the temperature, (),, the 


temperature, is the weighted mean atomic mass 
iy 
. and d(7) is the Debve integral The total 
Z = 
7 
mean-square displacement uy Can be obtained 
of 
from the slope of a plot of In _, vs. sin? 9/7" 
The thermal displacements of the atoms can be 
determined separately froma comparison of intensities 
If it 


measured at two temperatures is assumed that 


uv. is independent of temperature, then 
F, hkl 


Fy (hkl) 


The Debye temperature of the illoy ‘an 
from an obvious extension of equation 
value of (Bb, b, obt 

since this quantity includes only the efte 
The 


calculated from equation 3) and used 


uned Trom 


vibration values of w,* and 


value of Thus by making measureme 


temperatures, the thermal and the 


ments of the atoms from the sites of 


lattice can be measured 


The 


Compressed-powder briquettes 


experimental procedures were as 

were prepared oO! il] 
the p-phase alloys except those with 81 and 89 atomic 
per cent Li, which were too corrosible to be powdered 
cent Li could be 


aecom posit 


Only the alloy with 30 atomic pel 


powdered in air without excessive 


Kerosene 


the other compositions were filed unde 


the briquette surfaces were protected by a filn 


a at —183( 
pel cent 
L 
(A) 
30 3.517 
40) 3.505 
3.499 sin? 
57 3.492 | 2 
6s 3.492 
S| 3.497 3.472 
LOO 3.483* 
4.378 
4.377 
4.379* 
JO] 
4 
) 3.2095 1.6235 
12.5 3.1927 1.6122 
18.4 3.1918 1.6078 
| 
equat } 
» 


Present Investigation 


PARAME 


LATTICE 


ce parametel f the 
Measurements a 


at 20 C represents the 


ight oil All 


reflection photographs for freedom from cold 


briquettes were checked by back- 
work. 
excessive grain size, and preferred orientation. 

The intensity measurements were made with an 
vutomatic Gieger-counter spectrometer using Cuk 
radiation. The specimens were rotated in their own 
planes during the measurements at room temperature, 
but not at liquid-nitrogen temperature. Equal 
incidence and reflection angles were used in order to 
ivoid differential absorption corrections. Intensities 
were corrected for Lorentz, polarization, and multi- 
plicitv factors and converted to structure factors on 
scale 


n arbitary While the reproducibility of a 


given structure factor was —2 per cent, the individual 
values deviated from a smooth curve by —6-8 per cent 
m occasion. These errors were ascribed to grain-size 
ind preferred-orientation effects in the compressed 
addition, the 110) 


sometimes 15-20 per cent below the curve, but this 


briquettes In reflection was 


vas probably by extinction. 


4. RESULTS 
The Lattice 
a) The BC( 


BCC allovs at 20°C and 


Paramete rs 


alloys The lattice parameters of the 


IS3°C are compared with 


the data of previous investigators". 23 In Fig ae 
Phe agreement among the various values is good. The 


VOL. 4, 
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values of a at 20°C were fitted, by the methy 


least squares, to the quadratic equation: 


0.02359 my; (5) 


a 0.1736 my” 


The 


from the calculated curve was 0.0020 A. 


maximum deviation of the measured values 
From this 
relation, the lattice parameter of the hypothetical 
BCC Me was found to be 3.573 A. and the radius of 
BCC Mg is 1.547 A. The radius of BCC Me obtained 
that of HCP Mg by 


25) is 1.563 A. 


from applying Pauling’s 


which is larger than the 
extrapolated value. As the usual error in applying 
Pauling’s relation is 0.01 A or less. this suggests that 
the equation above does not apply accurately in the 
hypothetical region of Mg-rich BCC alloys. 

The lattice parameter Vs. composition curve IS a 
striking one, the appearance of a minimum* being 
The the 


hypothetical BCC form) is about 4°, larger in diameter 


quite uncommon. magnesium atom (in 
than the Li atom, yet the addition of up to 35 atomic 
per cent Me reduces rather than increases the lattice 
parameter of the solid solution. This situation is not 
changed by cooling the alloys to 183°C. Minima in 
the curves of lattice parameter against composition 
the Ti-Ta‘® Ta-Nb 
systems an complete 
Among FCC 
\g-Au 


the 


found in and 


both 


hav © also been 


systems.%" In almost 
series of BCC solid solutions is formed. 


systems the only reported example is the 


} helow 


system.) The depths of the minima 
parameter of the smaller of the components have the 
values 0.009 A and 0.003 A in these three systems. 
These values are all smaller than that found in the 
Li-Mg system, where the parameter of the alloy with 
65 atomic per cent Li is 0.017 A less than that of pure 
Li. The negative deviations from Vegard’s law shown 
by the BCC Li-Mg alloys are also rather larger than 
This can be 


seen from the following lists of maximum deviations 


the deviations found in other systems. 


of the cell edge from the linear relationship with 
Li-Mg 0.05 A, Cu-Pd 0.015 A. Cu-Au 
0.024 A. Cu-Ni 0.008 A, Au-Ag 0.006 A, 

(b) The FCC (martensitic) alloys. 
BCC to FCC 


considerable 


composition. 


The martensitic 
in Li-Mg alloys 


liquid- 


transformation from 


proceeds to a extent above 


nitrogen temperature only for alloys with greater 
than about 80 atomic per cent Li. The parameters of 
the FCC alloys containing 81 and 89 atomic per cent 
(Table 2) are of 


lower accuracy than those for the BCC alloys because 


Li were measured, but these results 


the high-angle lines exhibited marked broadening. 


The term minimum is taken to mez 
of the 


the components 


ft some allovs are smaller tha 
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Within the 0.003 A) 
the lattice parameters of the FCC Li-Mg alloys do not 
differ from that of FCC Li. 


a lloy s also show 


accuracy of the measurements ( 


It appears that the FCC 
a marked negative deviation from 
Vegard’s law, although the presence of a minimum is 
not evident in these restricted data. 

(c) The HOP (x-phase) alloys. The lattice 
meters of the HCP (x-phase) alloys of Li in Mg have 
Hofmann”® 


In this investigation the lattice parameters 


para- 
measured and 
Busk.“7 
of three alloys, as well as that of pure Mg, were 

data the results of other 
investigations are compared in Figs. 2, 3, and 4. The 


agreement is generally good, with the present results 


been previously by 


measured. These and 


agreeing more closely with those of Hofmann than 
with the results of Busk. Addition of Li to Mg reduces 
hoth the ¢ cell, the 


relatively faster than the latter 


and a dimensions of the unit 
former decreasing 
Thus the c/a ratio decreases from 1.6235 for pure Mg 
to 1.608 at the «/(x fp) phase boundary at about 
18.4 atomic per cent Li. 

The variations of the lattice parameters with com- 
position in solid solutions in Mg have been explained 


(29) 


in some detail by Jones, by considering the effect 
of alloying on Brillouin-zone overlaps. After correction 
is made tor atomic-size effects in the manner suggested 
by Jones. the variation in the cell-size of Mg-Li alloys 
This result is 
the 


with electron concentration is linear. 


in accordance with Jones’s general thesis, but 
details of the variation do not support his detailed 
structure 


assumptions regarding the Brillouin-zone 


ot Mg 


(ii) Ntatic and Dynamic 
Alloys 
The experimental values of the Debye factors, B 
(expt! for the BCC Li-Mg alloys are listed in Table 4 
These values for 295 and 90°K 


Atomic Displace ments in BCC 


were obtained by a 
line of the 


B sin? 


comparison for each diffraction experi- 


. With the 


mental structure factors, f exp | 


Experimental values of the Debye factors 


BCC Li-Mg allovs at 295 K and 90 K 


TABLE 4 


At 295°K At 

B BR 
(ther 
mal) 


B B 
(ther 
mal) 


(A?) 


/ 
exptl) 


B 


(dis 
(exptl) 


(dis 


tortion) tortiol 


(A*) 


0.32 
O.30 
0.33 


1.68 
1.60 
L.S7 


SOLID SOLUTIONS 


O Present 
Busk 


fry 
Hofmann 


0.10 
ATOM FRACTION 
Fic. 3. The 


composition for the 


variation of the a and 


paramete 


illovs of Li in Mg 


for 
usual values of f) 
the ot 
However, the quantity (B 


calculated stationary 


ot f 
tabulated 


theoretical values 


atoms (the B (exptl 


thus includes effects static and dynami 


displacements 


involves only the thermal displacements, and this cat 


be calculated in two ways: (1) from the difference of 


B (exptl) determined at each temperature, or (2) fron 
the ratio of intensities at the two temperatures as 
The 


errors 


indicated in equation (4) latter method elimi 


nates to some extent the arising from larg: 


grain sizes and preferred orientations in the specimen 


Both sets of values are listed in Table 5: the mean was 


was obtained by giving the second set of values 


Variation of 


or the HCP 


UCTURE QF 4 
3.200] 
+ 
| 
| 
5 | 
+ 
J 
5 
5.140} 
4 
1956 
195 — Boo 
34) OO OSS O.65 0.23 = — 
41) 2.10 OST 0.62 0.25 
ATOM FRACTION 
4%) 1.93 1.06 0.66 0.40 
a7 1.89 0.02 0.78 0.75 0.03 4. The ratio with composit 
(PE alloys of | Meg 


412 


temperatures for 


TABLE 5. Comparison of the values of ) obtained 


methods of calculation, and Debye 


BCC Li-Mg alloys 


90 


Two 


Deby 
tem- 


Direct 


comparison 


Atomic From B 

per cent (exptl) 

Li at each 
temperature 


Mean perature 
value 


of intensities 
at two 


temperatures 


(A?) 


double weight. 
the allovs have been calculated from the mean values 
of (Bog; Table 5. 


go): and these are also listed in 
No independent Debye temperature are 


values of 
other sources for a check on these 


available from 


values. The values of B (thermal) at 295°K and 90°K 


were calculated from equation (3), using these values 
of the Debye temperature, and are listed in Table 4. 
In every instance the measured value of the Debye 
factor is larger than can be accounted for in terms of 
the lattice vibration alone, and it is inferred that 
these additional contributions arise from local static 
displacements of the atoms from the sites of the average 
lattice. Evidence of local static displacements in 


other solid solutions, and the results of previous 


workers in this field, are summarized elsewhere.” 
No great accuracy attaches to the individual values 
of B’ (distortion) listed in Table 4. Because of the 
corrosibility of the alloys, it was not possible to prepare 
really satisfactory powder specimens, and hence the 
measured values of B (exptl) are not very accurate. 
For the measurements at 295°K it was possible to 
compensate partly for the deficiencies in specimen 
preparation by rotating the briquettes in their own 
planes, and those values of B (exptl) are accurate to 
about 5°,. However, at 90°. the specimens were 
stationary, and these results are only accurate to 
the of both ©,, and 


difference. individual 


within 10° Since values 


B (distortion) are obtained by 


values cannot be expected to be very reliable. 


Nevertheless, the qualitative existence of the static 
displacements is clear, while in quantitative terms 
they correlate approximately with the results of the 


size-effect diffuse scattering described in Part II. 


5. DISCUSSION 


The negative deviation from Vegard’s law for the 


BCC alloys, and particularly the minimum in the 


lattice parameters, is in contradiction to the pre- 


dictions of a simple elastic model of solid solutions. ® 


Values of the Debye temperature of 
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Magnitudes of the RMS dynamie and static 
displacements in Li-Mg alloys 


TABLE 6. 


RMS dynamic displacements 
RMS 


static 


Atomic 
per cent 
300° K 90 displacement 
(A) (A) \) 
0.25 
0.26 
0.25 O.11 
0.27 


On the basis of this model, a positive deviation would 
be expected, since the larger atom (Mg) has the smaller 
compressibility.“® 
The 


from Vegard’s law in the FCC (martensitic) alloys, 


indications of a similar negative deviation 
suggests that it is a consequence of the nature of the 
component atoms rather than a result of the crystal 
structure of the alloys. The most immediate explana- 
tion for the reduction in the mean atomic volume of 
the solid solution on the addition of Mg, even though 
than the Li 


occurrence of Li-Mg distances in the solid solution, 


the Mg atom is larger atom, is the 
which are shorter than the average of the radii of Li 
and Mg atoms. This suggestion is examined in more 
detail in Part II. 

The presence of local static displacements of the 
the of the 


lattice indicates that the Li and Mg atoms do not have 


atoms from sites average solid-solution 


equal sizes in solid solution. The magnitudes of the 
local static displacements are compared in Table 6 
with the RMS dynamic displacements at 205° K and 


90°K due to the thermal vibrations of the lattice. 
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THE STRUCTURE OF LITHIUM-MAGNESIUM SOLID SOLUTIONS—II* 
Measurements of Diffuse X-ray Scattering 
H. HERBSTEIN? and B. L. AVERBACH:? 


X-ray scattering data from BCC solutions of Li-Mg alloys indicate a preference for unlik 
neighbors, and the short-range order coefficients have been measured as a function of compo 
Nize-effect coefficients have also been determined, and these indicate that individual atoms are 

‘ed from the average lattice sites. The lattice parameter minimum at 65 atomic per cent Li 
ed with the variation of the size-effect coefficients with composition suggests that the Li-Mg 
ratomie distance is shorter than the average of the distances between like atoms, and the interatomic 


distances have been calculated The hexagonal solid solutions appear to be almost random with no 


SIZe Tects 


LA STRUCTURE DES SOLUTIONS SOLIDES DE LITHIUM MAGNESIUM—II 
Mesures de diffusion anormale des rayons X. 


es résultats de diffusion anormale de rayons X sur des solutions cubiques centrées d’alliages Li-Mg 

lent, pour un atome, une préférence marquée a sentourer de premiers voisins différents de lui 

les coefficients dordre a petite distance ont été mesurés en fonction de la composition. Les 


coeticients deffet de taille ont également été déterminés: ils indiquent que les atomes individuels sont 


déplacés de leur position réticulaire moyenne. La comparaison du parameétre réticulaire, minimum 


ine concentration atomique de 65°, en Li, et des coefficients précédents, laisse supposer que la 


interatomique Li-Mg est moindre que la distance moyenne entre atomes identiques. Ces 
interatomiques sont d/ailleurs caleulées. La structure des solutions solides hexagonales 


presque completement résulter du hasard sans qu’aucun effet de taille n’intervienne 


DIE STRUKTUR VON LITHIUM-MAGNESIUM-MISCHKRISTALLEN— II 
Messungen der diffusen Réntgenstreuung 


Ergebnisse der diffusen Roéntgenstreuung von kubischraumzentrierten Li-Mg-Legierunge 
zeigen eine Bevorzugung ungleichartiger nachster Nachbarn an. Die Nahordnungs-Koeffiziente 


wurde n Abhangigkeit von der Zusammensetzung gemessen. Ausserdem wurden Koeffizienten fiir 
den Groésseneffekt bestimmt. Diese zeigen Verriickungen einzelner Atome gegeniiber den mittleren 
Gitterplatzen an. Das Minimum der Gitterkonstanten bei 65 Atom-Prozent Li zusammen mit det 
Variation der Groéssen-ffekt-Koeffizienten mit der Konzentration deuten darauf hin, dass der Atom 
tand Li-Mg kleiner ist als der Mittelwert der Abstande zwischen gleichartigen Atomen: die Atom 

le wurden berechnet sei den hexagonalen Mischkristallen scheint vorwiegend eine statistisch: 


ohne Groéssen-Effekt vorzuliegen. 


1. INTRODUCTION short-range order coefticients 4. and the size effect 
The lithium-magnesium system is an example of the Coefficients /,, were derived from measurements of 
extensive formation of solid solutions between atoms diffuse X-ray scattering for seven BCC alloys at 295 
vith small ion cores. Measurements of lattice para- and 93°IX. Similar data were also obtained for two 
meters reported in Part I@ of this series indicated Compositions in the HCP region. The local-ordet 
that the Li-Me distances in the BCC alloys are coefficients indicate a preference for unlike nearest 
shorter than the mean of the interatomic distances Meighbors in the BCC alloys, and the size-effect 
between like atoms. Measurements of Bragg intensi- Coefficients provide an independent confirmation of 
ties indicated that there were appreciable static the displacements from the average lattice sites. 
displacements of atoms from the sites of the average 
2. EXPERIMENTAL METHODS 


In the present investigation the nearest-neighbor 2.1. Diffuse scattering measurements. The expert- 


mental procedures for measuring the diffuse scattering 


Received October 3, 1955: revised version January 3. were essentially identical to those used in previous 
1956. This work was sponsored by the U.S. Atomic Energy 
Commission under Contract AT(30-1)-1002. 

+ Present address: National Physical Laboratory. Pretoria. meter measurements were made on. all samples, 
South Africa. 

Department of Metallurgy. Massachusetts Institute 
lechnology. Cambridge, Massachusetts Cok~ radiation from a curved CaF, crystal focused 
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work in this laboratory.@: *) Geiger-counter spectro- 


using the reflection method. with monochromatic 


incl 
distances 
$14 


on the specimen held in an evacuated chamber. For 
low-temperature measurements the specimen holder 
was cooled with a continuous stream of liquid N,. 
Measurement of the specimen temperature with a 


calibrated thermocouple showed it to be at 93 5°K. 
and it remained constant during the duration of a 


run (about four hours). The diffuse scattering 


UNITS) 


measurements were put on an absolute scale by 
comparison with the independent scattering from a 
block of lucite, measured under identical experi- 
mental conditions. 


This reflection spectrometer method has two 


drawbacks, (i) low resolving powder, (ii) inaccuracy at 
low scattering angles, and these measurements were 


therefore supplemented by transmission photography 


INTENSITY (ELECTRON 


using samples normal and at 45° to the incident beam 


The photographs were photometered, and these data 
were normalized with respect to the spectrometet 
measurements. A typical record of the experimental 
results is shown in Fig. 1. 

The X-ray unit was run at 40 kV and 10 mA for 


most measurements. The fluorite monochromating 


crystal removed the 4/2 harmonic from the beam, but 


not the 4/3 harmonic. However. the latter was so 


weak that it did not affect the diffuse scattering 


> 


pattern, although the 4/3 reflection from the (110 


planes of the sample was observed as a small “pip” 

on the diffuse scattering curve. In this region the Measurements were made at intervals of 2 degrees 
true shape of the curve was obtained by repeating 1!" 74 with intermediate points measured wher 
the measurements with the tube run at 22 kV necessary. Approximately 1000 counts were recorded 


The spectrometer samples were taken from the same at each point The standard deviation of the results 


materials described in Part I and were in the form of due to stati tical fluctuations wi ul o 


Duplicate measurements were made on s mples O 


| 


plates 0.125 in. thick. Thisrepresents infinite thickness 
$0, 50. and 90°, allovs, and the curves agreed withir 


for all samples except the alloy with 89°, Li, for which 


about 0.3°, of the radiation was transmitted at normal 7-8" o The major contribution to this discrepan 
incidence. All samples were checked by Laue photo- probably came from grain and preferred 
graphy for small grain size and randomness of orientation effects 

orientation before use. It was found the alloys with orrections to th 
more then 50°, Li corrode (both oxide and nitride are Compton modified contribution to the diffuse s 
formed) immediately on exposure to ai The was calculated, using the usual Co 
procedure was therefore adopted of cleaning off the formula.) The contribution arising from 
surface under toluene, and then transferring the sample — ™otlon o! the atoms was computed on th 
to the specimen chamber while it was still wet with 0! independent vibration of the atoms 
toluene. The toluene was removed during the evacua- ®mplitudes of vibrat 

scattermeg 


tion of the specimen chamber. Examination afte 

run showed the surtace to be still ‘ee of oxide 
in addition, any oxide lines were immediately 
ipparent on the scattering pattern, and no difficulty 


few 


was experienced in interpolating through the 


extra lines found in practice Because of the high 


reactivity of the allovs, the diffuse scattering was not ‘Me are the aton 


recorded at temperature, but was measured for respective atom 


samples quenched from 200°C exponential Tactol 
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sform (a? 0.1) of the 


modified Fourier tran ; 
The negative 


Fic. 2. The 
corrected diffuse scattering shown in Fig. 1. 


peak about r, is characteristic of the presence of short-range 


rder. The displacement of this peak to smaller 


indicates that is positive 


temperature diffuse correction is approximate, the 


final calculation of the short-range order and size- 


effect coefficients was performed by means of a 


Fourier analy sis, which helps to isolate these effects 


from the others. As a result, the order and size 


coefticients could be determined with considerably 
more confidence than would be expected on the basis 
of these corrections 

2.3. The analysis of the diffuse scatte ring CUrves., In 
effects. the 


terms of local-order and atomic-size 


corrected diffuse scattering in a powder pattern is 


sin 
N {My 


where J is the 


( is the numbe 


dittuse electron units 


of atoms in the 7th shell. 7 


scattering mm 


is the 


values of r 
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distance from a given atom to its ith shell of neighbors, 
sin 
, and the other svmbols have been define 
/ 

previously. 
The loeal atomic arrangement is described in terms 
of the short-range order coefticients. x,. where 


( ) 


4 


and p," is the probability of finding an A atom in the 
ith shell about a B atom. The quantity c,p,* is thus 


the actual number of 4A atoms in the 7th shell about a 


is the random number of 4A atoms 
B atom. 


depend on the local displacements of the atomi 


B atom, while ¢,m , 


in the ?th shell about a The coefticients p 


centers from the sites of the ideal lattice. 


with composition for th 


vhile the 


values of 6, calculated on the assumptio 


Variation ot 


circles give the experimental points. 
line gives the 
the Li and Mg atoms retain the 


» metals while the Li-Mg 


sizes characteristic of 
yntracted 


cdustances are 


The diffuse-scattering curves were first analy zed yy 
method, in which 
the 


a*S?). 


the modified Fourier transform 


the diffraction effects are use of a 


A typical 


The transform has the 


reduced by 
damping factor of the form exp 
transform is shown in Fig. 2 
negative peak characteristic of negative values of 
4: the displacement of this peak from the symmetrical 
position about 7, is the evidence for the presence of a 
size effect. Quantitative analyses of the transforms 
for alloys with 40, 49, 57, and 68 atomic per cent Li 
3 and 4 
and p 


1, an analysis of the curves by 


were made, with the results shown in Figs 
the 


Since transforms showed that x were 


generally small for 7 
the method of least squares was also possible, and these 


results are also given in Figs. 3 and 4. The transform 
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AND 


of the alloy with 30 atomic per cent Li was not 


suitable for detailed analysis because of interference 


arising from a positive peak at ) this was probably 


Pp, coefficient and to a small 


due to the influence of the 


but appreciable value of «,. It proved impossible to 
effect a separation of these two contributions to the 
transform, and_ reliance was mainly on 


placed 
the least-squares values of z%, and /,. There are 
also indications of small positive values for % in the 
40 and 49 atomie per cent Li alloys. 

The the 
for the alloys with 12, 15, 81, and 89 atomic per cent 


modulations in diffuse-scattering curves 
Li were too small for either method of analysis to be 
practicable, and values of %, were estimated for these 
alloys from the shape of the diffuse intensity curves 
The shape of the curves indicated that the size effect 
was negligibly small for these alloys. 

The measured values of «, and /, were checked by 
calculating the diffuse-scattering curves from equation 
(2) and comparing these with the observed curves. An 
example is given in Fig. 5. The agreement, while not 
exact. was satisfactory in all cases and indicates 
that the diffuse scattering from the local atomic 
arrangements can be accounted for to a first approxi- 
mation by the values of nearest-neighbor short-range 
order and size-effect parameters given in Figs. 3 and 
4. Part of the discrepancy between the observed and 
the calculated curves may be ascribed to the inade- 
quacy of the correction for the temperature-diffuse 
scattering. 

From a comparison of the values of %, derived by 
the various methods of analysis of the experimental 
curves, it is considered that the mean values of x, are 
-O0.01; the values of are 


accurate to within about 


probably accurate to within 


3. DISCUSSION OF RESULTS 

A. The BCC Alloys 
3.1. The short-range order coefficients. All of the 
BCC alloys exhibit a preference for unlike nearest 
neighbors (i.e. 2, < 0). The short-range order is most 
pronounced at the equiatomic composition (Fig. 3) in 
agreement with the predictions of the quasi-chemical 
theories which assume that chemical bonding factors 
are responsible for the preference for unlike neighbors. 
Even at the equiatomic composition, however, the 
preference for unlike neighbors is small. The present 
results indicate that an atom has 4.3 unlike nearest 
neighbors on the average in comparison to 4.0 in a 
random and 8.0 in an ordered solution. Comparable 
In FCC 


alloys which do not order there are 6.2 unlike nearest 


data for other BCC alloys are not available. 


neighbors in AuNi®) and 6.5 in AuAg compared to 


6 


6.0 in the random solution In CuAu there are 6.8 
unlike neighbors at 500°¢ 


420°C), 


structure.'” 


the critical temperature Is 


compared to S.O in the lavered ordered 


3 _ Atomic displace ments 


The displacements ol 
the atoms from the sites of the average lattice ar 


described by the parameters /,, where 


B 


and r,is the average radius of the 7th shell as calculated 
from the lattice parameter, 7’, , is the distance between 
an A atom and another in the 7th shell. and similarly 
for 

The present measurements show that only /, is 
and its variation with 


significant, composition is 


shown in Fig. 4. Equation (4) may be recast in the 


form: 


and as } 
functions of composition. The existence of nonzero 
the dis 


well as and ire 


where D 


values of $, is unambiguous evidence for 
placement of atoms from the average sites, but more 
detailed information cannot be obtained without an 
additional relation between and 


In the Au-Ni the 


composition was linear, and it 


system variation of #, with 


was assumed that 


é am p and ¢ BB bm,, where a and 6 are 


AA 
constants determined from the experimental data (8) 
The Au-Ni lattice 


almost linear with composition. 


however, also 


The 


parameters, were 


presence ot a 


wee AV ER BACH STRUCTURE OF SOLID SOLUTIONS 
/ 
I >» A compariso ‘ obs ffu g 
us values ot a >, tro tine ist-squares a 
| | 
lie ) 
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4 
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(A) 


STANCE 


DI 


INTERATOMI( 


2.96 
O ) 1.0 
Mg Li 


Fic. 6. The distance between Li and Mg atoms. calculated 
on the assumption that the Li and Mg atoms retain the radii 
characteristic of the metals while the 


pure Li-Mg distances 


contract, 


lattice 
composition in BCC Li-Mg alloys (see Part I) suggests, 


minimum in the curve of parameter vs. 
however. that the distance between unlike atoms is 
the 


deviations from Vegard’s law are due to a contraction 


less than the mean atomic diameter. and that 


of this kind rather than to variations in the radii of 


the atoms due to elastic forces. 
Values of py the 


assumption that both Li and Mg retain the radii 


were therefore calculated on 
characteristic of the pure metals. The Mg atom was 
considered to be in a hypothetical BCC state, and its 
radius was calculated from that of the HCP Mg, using 
relation.{: The 

}, with composition (Fig. 4) is in fair agreement with 


) 


Pauling’s resultant variation of 


the results. The value of ry is now (5): 


(G) 


where is the average distance 


3.040 A, 


nearest-neighbor 
l 
"LiLi 


obtained from the lattice parameter, 
and 
is shown in Fig. 6. 

These results are in marked contrast to those for 
the Au-Ni alloys. 
p, calculated from the original sizes of the atoms were 


about four times the observed values, and the data 


3.126 A, and the resulting variation of 


In the latter system, values of 
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were consistent with elastic changes in the interatomic 


distances independent of the identity of the nearest 
Li-Me 


svstem, however, the data are consistent with the 


neighbors, i.e. iB ‘4 BR): In the 


assumption that the Li-Li and Mg-Mg distances retain 


their original sizes. but that the Li-Me distance is 


shorter than the average. 


B. The x.- phase (HCP) Alloys 


Diffuse-scattering measurements were on 


two z-phase alloys with 10 and 12.5 atomic per cent 
Li respectively, and these showed only very weak 
modulations. From these it was estimated that 
Ly 0.01. The atomic arrangement in these alloys 
thus differs very little from random. 
the dilute HCP alloys are similar to the dilute BCC 


allovs. were the measured values of x, are also small. 


In this respect 


C. Deviations from Vegard’s Law and the Short-range 
Order Coefficients of the BCC Alloys 

In Part L it has been pointed out that the presence 
of a negative deviation from Vegard’s law in this 
svstem is in contradiction to the prediction of a simple 
elastic model of solid solutions.“!) Deviations from 
have been considered recently from 


(12) 


Vegard’s law 
another point of view by Fourner, who attempted 
to relate these deviations to the degree of short-range 
order in the system. Fournet assumes a quasi-chemical 
model of a solid solution in which the internal energy 
can be represented as the sum of interaction energies 
between pairs of atoms, all other contributions to the 
internal energy being neglected. All of the atoms are 
taken to be at the lattice points (thus neglecting the 
size effects shown to be present here), and the effects 
of thermal agitation are neglected. The principal 
innovation of the theory is to consider explicitly the 
potential energy of a pair of atoms as a function of the 
distance between them. Taking into account first and 
second neighbors only, the function, W(r) W 
W ppl) 
the interatomic distance at which the solid solution is 


{4 
2W ,,("). is minimized in order to tind 


stable. It is shown finally that the variation of lattice 


parameter with composition can be represented by 


a a4 M4) 


1) 7) 
m ( My 
where a is the lattice parameter of a solid solution of 
composition 4, and a are the lattice para- 
meters ofthe pure metals A and 5, with a, a4: 

a /ja 
c= /(5) 

> 


P/ BI 


compressibility. 
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When (C F 


expression for 


1) is zero, equation (7) vields the 
Vegard’s law: when F— 0, the 
expression is applicable to an ideal solid solution with 
a random arrangement of the atoms for which 
Wir) (). 
Vegard’s law is determined by the value of C; 


C 


Usually the sign of the deviation from 
when 
negative deviations are found, while the 


deviations are positive when (C 1. A value of 
( 7.3 was estimated for these alloys, using the 
compressibility ot hypothetical BCC Me obtained 1 
extrapolating the variation of compressibility with 
composition for the BCC Li-Mg alloys to m,, () 8 
The 
compared to the value p 
for HCP Mg. 

The factor F is a correcting factor to allow for the 


The 


observed variation of parameter with composition cat 


value obtained is Be 10-2) em?/dyne 


10-2 em?/dyne 


departure of the solid solution from randomness. 
be reproduced exactly by using the relationship 
F 9] 


The values of the short-range order coefticients were 


17.4my,- 


calculated (following Fournet) from F as follows 


where represents a summation over pairs of atoms 


sets of neighbors 


first 
the 


and is taken over the two 


k,=7,/r, 


neighbours, ¢, is 


where +, is distance between 7th 


the number of atoms in the 7th 


co-ordination shell, 7, and 7, are the nearest-neighbor 


distances in pure A and pure Bb; 


13(2) 


i 


and 


assumed that W’(r,) does not vary with and 


Is 


that Wr.) 0. The latter approximation is justified 


hy the experimental fact for Li-Mg alloys that the 


is small. W(r,) can 


he found from (7) and (8), and this is then related to 


short-range order coefficient, x%.. 
the short-range order coefficient by the equation, 


order coefficients 


of 500°K 


values of the short-range 


The 


corresponding tO a were 


temperature 


calculated. using these values of F, and are shown 


These computed values of x, are about 


should not be confused with the svmbol for the 


order parameter %/ 


ulated from Fournet’s 


Ippel calculates 

imated for hvpothetical 
middle curve 

essibilitvy of HCP Mg with 


xperimental points are meat 


curve Vas 


was obtaine 


2! times as large as the observed values, the disere 
pancy being well outside the limits of experimental 


HCP Me is used in 


coettic are 


Even if the value of / for 


the 


eTrol 


estimating short-range 


still considerably larger than the observed values 


these values ot va are also shown In lig i ‘hus 


values of F 


of lattice parameter with composition result in values 


which reproduce the observed variation 


ot 4 which are much too large: conversely. values o 
F which reproduce the obse rved Variation of ty 


Fx 3.4 


card law 


composition positive wd 


negative deviations from V« 


results it is clear that Fournet’s model 


solution is too simple to account for the 


variations of a and %, with composition in the 
alloys. This simple model neglects the displacer 


trate 


from the average lattice sites demons 
the values of /, in this paper 
Part | md 
arising from the thermal displace ments 


The 


energy 


mentally by 


measurements in ilso. disreg 


entropy 
inclusion of second-nel 


mn calculation 


are sizable 
Interaction 


the disc repant 


ilso de¢ rease 


small. however. since x, is 


D. Correlation of the Data 


Both the Bragg intensity measurements i 


and the values of P obtained trom dittuse-s 


data in this papel indicate that there ar 
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splacements of the atoms from the average lattice 
s. The minimum in the lattice parameters in the 
‘ allovs suggests that these displacements are due 


to a shortening of the Li-Mg distances, rather 


to changes 1n the atomic radii. As a 


matter of 
the values of , are consistent with an approxi- 
model in which the Li and Mg atoms retain their 
al sizes and the 
hout O.L A 

The contraction of the Li-Mg distance leads to the 
that 


Li-Mg distance is shortened by 


conclusion there is a strong chemical bonding 
between unlike atoms, 


and according to the quasi- 
chemical theory this should result in a preference for 
unlike neighbors. This was observed, and all of the 
the 


& quantitative correlation is lacking. 


data are 


qualitat ive ly compat ible. but theor- 


s fol 


4. SUMMARY 
The present measurements show that in the BCC 
llovs there is a definite. although not large. preter- 
The 


variation of lattice parameter with composition shows 


ence for unlike neighbors in the solid solutions. 


compars tively large neg tive 
Veg: rd S law 


(65 


deviation from 


and there is a minimum in the curve at 


The presence of a minimum in the curve 


coupled with the preference for 


rhbors in the solid solution, and the v: 


riation 


with 


parameters composition. 


interatomic distances are 
sum of the tomic 
ions of Liin Mg show 

id 


there ppears t 
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An attempt was made to correlate the short-range 


order coefficients and the negative deviations from 


Vegard’s law the 


Fournet’s theory, but 


agree- 


ment was pe or. 
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MAGNETICALLY INDUCED GRAIN-BOUNDARY MOTION IN BISMUTH? 


W. W. MULLINS 


The various free energies which a magnetic he ld generates in th 
ealculable forces on the grain boundaries. These forces produce 
sample undergoing grain-growth. The study of single boundaries « 
has permitted the estimation of an uppel limit to the boundary free 
boundaries exhibit a type of sticking that does not seem to be due 
considered which explains this variation of mobility 


vacancies at the grain boundaries 


MOUVEMENT DE LIMITE DE GRAINS INDUITE MAGNETIQUEMENT 
LE BISMUTH 

Les énergies libres variables obtenues par un champ magi 
B donnent lieu a des forces calculable Ss dans les limite Ss aes g 
préférentielle marquée dans un échantillon de Bi au cours 
mouvement de frontiéres individualles sous 
lune limite supérieure pour l’énergie libre de la 
montrent un comportement qui ne semble pas etre 

onsidérée qui explique cette variation de mobilite 


acunes aux joints. 


MAGNETISCH INDUZIERTE KORNGRENZEN-WANDERI 


Die unterschiedlicher Werte der freien Ene 
3i-Vielkristalls hervorruft, verursachen Krafte 


Krafte fiihren Probe, in der Kor 


Vorzugsorientieru Die Untersuchung 
triebener Kori 

Bei einer Ay 

Weise, dis 


INTRODUCTION 


From the mMacroscopl 


material across which 
f£ crystal orientation 

interphase surfaces thi 
per unit area, At high 


move under drivi 


and enlarging the 


properties of free energy and mobility | e been 

effectively used to explain the structure and_ the 

dynamic features of the boundaries in me 

polyerystal. Thus, because of its free energy, a boundaries 


mobile boundary will always tend to diminish its a of widely spaced 


area when subject to no other driving force. This cation of elasticity theory 


determines the angles of intersection of boundaries have calculated the enerey 


according to their free energies or tensions,”’? and and their motion under an 


implies the motion of curved boundaries toward been predicted. The experiments of Dunn 


) 


their centers of curvature. The importance of the Aust and Chalmers on boundary energies 


of Washburn and Parker the stress-induc 
Received Septen ber 18, 1955. 


A . migration of boundaries. confirm the theoreti 
Westinghouse Research Laboratories, East Pittsburgh, 


Pennsylvania. predictions 
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grains of a Bi polyervstal give rise 
strong preterred orientatio B 
lriven |} the kn. force 
energ In a number of si es the 
t« mpurities \ ( t he 
of changes t he ray trat 
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lie 
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For higher-angle grain boundaries 10°), which 
predominate in a random polycrystal, the dislocation 
representation loses its uniqueness and its amena- 
bility to treatment by elasticity theory. In this 
case we turn to the experimental observation that 
intersection angles in such a polycrystal show that 
most of the boundaries have roughly equal free 
energies.”) This suggests that a high-angle boundary 
has a disorganized liquid-like structure which is rather 
insensitive to the crystal orientations. Its motion, 
in contrast to that of simple low-angle boundaries, 
is an activated process in which the atoms of each 
crystal require a surplus of free energy to surmount 
and cross the energy barrier of the boundary. 

The underlying objective in the work reported 
here has been to find some artificial way of exerting 
a known force on grain boundaries. Study of the 
response of the boundaries to this artificial driving 
force would permit the deduction of grain-boundary 
properties. A method employing the action of a 
strong magnetic field on hot polycrystalline bismuth 
The results that 


seemed the most promising. have 


heen obtained by this method, in addition to those 
that may be obtained with a modification of present 
technique, promise much information about grain 
boundaries. 

Goetz") has investigated the orienting effect of a 
More 


work re- 


Bi during its solidification. 
related to the 
the 


magnetic field on 
recently, and more closely 


ported in this paper, is investigation by 
Smoluchowski and Turner“*) of the preferred orienta- 


annealing an iron-cobalt alloy in a 
The details of this effect. 


tion produced by 
field 


ire rather different from those occurring in 


magnetic however, 
3i, due 
in part to the role plaved by magnetostriction in 
the iron-cobalt alloys 
BOUNDARY DRIVING FORCES 
A driving force occurs when a free-energy change 
accompanies boundary displacements. Dividing the 
energy change by the displacement and the boundary 
area 


we obtain the force per unit area or pressure, 


on the boundar For example, a piece of a boundarv 
whose radii of curvature on perpendicular sections 


are R, and R,, 


toward Its 


will lose area and hence free energy 


iS it moves nearest center of curvature. 


loss is easily calculated.“®) and results in 


This area 
pressure 


ok 


where A is the curvature at the point in 


juestion and o free energy per unit area. 
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To obtain an artificial driving pressure, one needs 
to create conditions that cause a free-energy change 
to accompany boundary displacements. Two methods 
by which this may be done are to influence the 
free energy of the boundaries themselves or to in- 


fluence the free energy of the crystals only. 


A. Gradic nt Method 


The first method depends upon establishing, in a 


polyerystal, a gradient of a quantity (J upon which 


the boundary free energy depends (e.g., @ = tempera- 
ture, hydrostatic pressure, concentration of solute) 
Since a boundary can then lower its free energy by 
moving in the direction of appropriate change in Q, 
of this 


pressure is complicated by irreversible effects in the 


a driving pressure results. The caleulation 
cases of the concentration and temperature gradients 
Suzuki" has investigated the effect of a temperature 
The author tried the 
but 


gradient on boundaries. has 
of the 


obtain centrifugal fields large enough to move grain 


case pressure gradient, was unable to 


boundaries. 


B. Volume Free-ene rgy Method 


1. General account. The pressure induced by the 


gradient method depends on the properties of the 


boundary. Let us now consider the second method 


in which the induced pressure is independent of the 


houndary properties and derives only from the 


fact that a boundary is an abrupt change of crystal 


orientation. Evidently one needs a_ single-phase 


polyerystal whose grains are anisotropic ina property 
that will allow a directed phy sical agent to generate 
energies in them, depending on their 


various free 


orientation. Grain boundaries will then experience 
pressures driving them from crystals in which the 
tree energy is lower into those in which it is highe 
the 


These conditions are provided: by action of 


a magnetic field on a polyecrystal of a substance 


anisotropic in permeability; by the action of an 
insulator 


the 


electrostatic field on a polyerystal of an 


anisotropic in dielectric constant; by 
application of a stress to a polyery stal of a substance 


shall 


utilized in 


discuss 


the 


anisotropic in elastic constants. We 


at length the magnetic pressures 
experiments and shall present the electrostatic and 
elastic stress cases only briefly in the Appendix 


») 


Magnetic pressures. Consider a bicrystal ot a 
substance that is anisotropic in magnetic suscepti- 


Let f, 


unit volume respectively induced in the two crystals 


bility. f. be the magnetic free energies pet 


by a uniform field H. Let a little cylinder of boundary 


with base dS and length dl (see Fig. 1) invade 


GRAIN 


rvstal 2. Then, if f, and f, are independent of the 
boundary shape and position, the reversible change 


of free energy in this displacement determines the 


houndary pressure 


or pP ts hi 
everywhere normal to the boundary. 


pdSd L (fy 


This is a 


f,)dSdL 
true pressure acting 
As stated, this result is valid only if f, and f, are 
The 


independent of the crystal shapes and _ sizes 


condition for this to be the case can be shown! 
1. Then the density of magnetic free 
energy becomes tk,,H*, where 


H-|k|-H 
HH? 

of the field. By 

on the boundary of a bicrystal situated in a uniform 


applied field H to be 


CH is the susceptibility in the direction 


substitution, we find the pressure 


p= fe —fy= — ky) (2) 


where ky is the susceptibility of crystal 1 along 
the field, and similarly for k,,. Thus we see that 
when k <1, p depends only on the strength of the 
field 


crystals. 


and its orientation with respect to the two 


Notice also that the direction of p remains 
the same when the sense of the field is reversed. 

If k = 1, the demagnetizing fields are comparable 
to the applied field, and the description of energies 
boundary becomes tractable only 


and pressures 


when the sample has a simple shape. For example, 
2 has its ends and its 


The 


surplus of induced south poles on the boundary, 


the bicrystal shown in Fig. 


boundary parallel to the magnet pole pieces. 


arising from the discontinuity of H given by y,H, 

uw H, provides a simple picture of the pressure 
exerted by the field tending to increase the crystal 
of largest uw. We shall defer the discussion of the 
pressure on such a boundary to the analogous cases 
of the electrostatic and elastic fields considered in 
the Appendix. 

Let us see what form equation (2) assumes for the 
case of Bi which is magnetically uniaxial with k << 1. 
Suppose k, and ky are the susceptibilities parallel 
and perpendicular to the trigonal or ¢ axis, respec- 
tively. Take the field direction as the polar axis 
and 4 as the polar angle of the ¢ axis. Then by 
H-|k|-H 

ky 
H* 


Substituting this 


elementary crystal physics k;, 


Ak cos? 6, where Ak ky ky. 
expression into equation (2), we find the pressure on 
a boundary between two Bi crystals whose ¢ axes 


make angles #, and 9, with the field to be given by 


Ak 
H? (cos? 6, 
» 
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Bi bier 


f.. Boundar s urged 


ystal of arbitré 


When 4, 0, 4, m/2, a 


results, whereas, to have a vanishing pressure 


maximum pressure of 


the crystal orientations need not be identical but 
only 9, 9,. The dependence of p on the field 
through H? fields To 
form an a possible boundary 
for Bi, take H 
Bitter 


gives a premium to high 


estimate of pressure 
SOU.0O00 gauss (easily obtained in a 


and Ak 1.8 


~ 5800 dynes/em?*. It 


magnet) then p, 


follows from equation (1) 


that this pressure is comparable to that operating on 
a boundary with a radius of curvature of ~l mm 


(assuming ¢o ~ 300 ergs/em*). Since such pressures 


produce normal grain-growth, the magnetic field 


may be expected to have a large effect 
To understand the production of a 


that we 


preferred 


orientation, assume have a Bi polycrystal 


in which the orientations and sizes of the crystals 
are purely random. Consider the group of 
f and @ df 


magnetic pressure on the faces of these grains, taken 


of orientation between The average 


if it tends to expand and if it tends to shrink 
the grain, is easily found by using equation (3) and 


\AkH? 


pressures 


the assumption of randomness to be pé 


(cos* Therefore, the magnetic 


tend initially to expand grains of 4 cos! 1/V 3 

55° and to shrink grains of 4 5D This leads to a 
development of a preferred orientation with a greatet 
volume ot crystals whose c axes form small ingles 


with the field. 
MOBILITY 


Turnbull@*? 


that a driving pressure p, acting on a grain boundary 


|_IN 
N N 


Smoluchowski' and have shown 


bieryvstal with 


N 


| 
Fig. 2. Diamagneti 


Field urges boundary upward 


{23 
/ 
f / 
{ 
| = very | 
4 


$24 
will move it at a speed S given by 


4) 


where g is the Gibbs free energy of activation of the 
elementary process that enables atoms to surmount 
and cross the boundary, A is a constant, x is the 
product of the area/atom and the boundary thickness, 
or approximately 3a3, where «@ is the lattice constant. 
Equation (4) is valid in the usual case that pa/kT < 1. 
dynes/em?, 


For our case, p 104 


T ~ 500°R, so that 


example, in 


10-83 104 


5OO 


It is a simple consequence of the derivation of 


equation (4) that, during the time in which the 


driven boundary progresses one lattice spacing, 


an atom flanking the boundary will cross over an 
average of ~kT'/px or 10° times under the conditions 


Hence, 


have 


the progressive motion of the 
little 


stated above. 


boundary can very influence on its 


structure. 
pM, where 


Rewriting equation (4), we have S 


kT is defined as the mobility, or speed 


the usual 


temperature 


seen to have 
the 


otherwise depends on the details of the diffusion 


per unit pressure. It is 


activation dependence on and 


process. Of course, any progressive change in the 


state of the boundary (its density, concentration of 


solute) could destroy the proportionality of speed 


to pressure by continuously affecting the value of /. 


Using equation (1), we have for normal grain- 


pM KoM. 


studied,“8) 


Isothermal grain-growth 
the 


obtaining information on such questions of boundary 


growth S 


has been partly for purpose of 


migration as the constancy of M and the activation 


energy of migration. Analysis of the results in 


terms of single motion is extremely 
difficult. the 


pendence of .V on orientation and the complicated 


boundary 


however, due to such factors as de- 


geometrical evolution of the system. It is hoped 
that the study of single Bi boundaries driven by a 
known magnetic pressure will help illuminate some 
the 


why 


of the central problems concerning mobility: 
orientation and temperature-dependence of ./; 
M is so low in a casting; why grain-growth slows 
down and stops before it is theoretically complete; 
what is the cause of the sample size limitation dis- 
Beck.4®8) A that 


explain some of these phenomena and account for 


covered by hypothesis might 


VOL. 4, 1956 


the results of the magnetic experiments will be 


discussed later. 


PLAN AND PREPARATION OF 
EXPERIMENTS 


ral d {ecount 


It was planned to measure the boundary tension 
by grooving a circular V notch around each sample. 
Under conditions of ideal grain growth, one of the 
shrinking boundaries would become trapped across 
the area constriction of the notch. The imposition 
of the field was expected to bulge out this hung 
until the effect of its 
the The 


measurement 


boundary restoring tension 
magnetic tension 
the of the 
hboundary’s curvature, the crystal orientations, and 


the value of the field. 


just balanced pressure. 


could be calculated from 


Cast boundaries were ruled out for such experi- 
ments, because it was found that they would not 


move when under pressures (exerted by their 


tension and curvature) comparable to those obtain- 
able by magnetic means. Furthermore, it was 
found that in recrystallized metal, boundaries which 
had after 


were unaffected by the imposition of the field. It 


come to rest undergoing grain-growth 


was concluded that the magnetic pressures should 
be imposed on boundaries of proven mobility, i.e. 
those undergoing grain-growth. 

(1) to 


fabricate notched samples from extruded rods of 


Therefore, the plan of the experiment was: 


(2) to anneal them to start 
the Bitter 
(3) to turn the magnetic field on while 
(4) to leave it on 


the zone purified Bi: 


grain-growth (the furnace was_ inside 
magnet): 
the boundaries were still mobile: 
until all boundary motion had ceased; (5) to remove 
and examine the samples, ensuring that no further 
The details of 


experiments are described shortly. 


boundary motion occur. these 


Reasons for Selecting Bi 

The important prerequisites of a material whose 
boundaries are to be studied by the magnetic method 
are: (1) magnetically anisotropic with the differences 
while sus- 
the 


grain- 


of principal susceptibilities large, 


ceptibility exceeds ~10~*; (2) retention of 
first 
boundary mobility, 


~200-500°C: (3) 


prerequisite at temperatures of good 
should be 
effects of 


thermal 


which preferably 


negligible secondary 


magnetostriction and anisotropy of ex- 
pansion. 

Bismuth the 
uniaxial in its diamagnetic properties"® with Ak 


1.76 at 250°C 2.30 1O-® at 200°C, 


seemed to be best prospect. It is 


and 
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which were the two temperatures employed 


Kapitza®® has verified that [k| is independent of 
H up to 250.000 gauss. 
of Bi by Kapitza,@” we conclude that the energies 


From another investigation 


associated with magnetostriction at 10° gauss are 


less than 1°, of the magnetic free energies, and may 
he neglected. 
Bismuth 


271.3 °C. boundaries 


with, 


melts at Its grain 
the 
sensitivity to trace impurities and a greater tendency 


the 


behave in usual way however, a greatet 


to exaggerated growth than is case for many 


metals. Any strain resulting from the anisotropy 
of thermal expansion coefficient (~4 10-8) would 
should 


the 


diminish during isothermal annealing, and 


certainly be relaxed on boundaries spanning 


sample. 


Pre paration of Sam ple s 
The Bi. obtained from Cerro DePasco, was melted 


in a graphite boat and subjected to a_ reducing 


atmosphere of hydrogen. It was then sealed oft 


glass tube and refined by zone melting.‘*” 


in a 
Approximately twenty zones, produced three at : 
time by small resistance furnaces, were passed along 
the metal. The ratio of the length of a liquid zone 
to that of the 20°, of the 


zone-processed metal, comprising the end presumed 


entire rod was 0.1. 


to be dirty, was rejected. The remainder, cast into 
a cylindrical ingot 1 in. in diameter, was extruded 
at 250°C to a 7-in. rod. These rods were sectioned 
into }-in. lengths with a fine jeweler’s saw, which 
used to the 
A layer of Bi approximately 0.020 in. 
thick, comprising the metal 
was removed with HNQ,. 


was also cut circular grooves around 
the sample. 
distorted by sawing, 


Analysis of Samples 

After treatment in the field, the Bi samples were 
prepared for metallographic examination by sectioning 
them (usually in the plane of their cylindrical axis) 
The 


dividual grains was determined from back-reflection 


with a fine jeweler’s saw. orientation of in- 
Laue photographs. The preferred orientation of the 
polycrystalline samples consisted in a clustering of 
crystallite ¢ axes about a single direction, with 
approximate isotropy in the perpendicular plane. 


The 


measuring the sample’s magnetic anisotropy, in the 


extent of this clustering was determined by 
plane containing the preferred direction, by means of 
a torsion balance.'**) The difference of principal 
susceptibilities so obtained was always divided by 
the maximum susceptibility difference of a single 
crystal of the same mass to obtain a figure called the 
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Bi as extruded 12 


(FA) This 
visualized as the fraction of the samples’ crystallites 
that 


fractional anisot ropy figure ci 


otherwise randomly oriented, should have 


their ¢ axes parallel in order to give the observed 


anisot ropy. 


Grain Orientation and Growth Characteristics (Ni 


Magnetic Field) 
zone melting was found to greatly 
Thus 


extruded 


Purification by 
the boundaries 


the 


increase mobility of Bi 


before zone refining, grains of rod 


show il 
Fig. 4 


ultimate 


(having an average diameter 0.4 mm. as 


Fig. 3) grew to ultimate sizes typified by 
the 


Similarly, 0.38 of the 


whereas. after zone refining large 


grain size is shown in Fig. 5 


zone-refined samples, when annealed, developed 


boundaries on their notches (Fig. 5), whereas this 


never occurred in samples of the original metal 


Finally, extrusion and annealing of the impurity 
the 


charges 


than that of the 


rich ends of zone-refined Bi gave al 


ultimate grain size much smaller 


original metal 


Zone melting concentrated 0.02°, Ag and 0.03°, 


Cu in the end of the Bi charge toward which the liquid 


zones moved, leaving the remainder with only 


0.001%, metallic impurities, according to spectro- 


scopic analysis. It was not determined whether 


Ag, Cu, or 


impurity or 


some other concomitantly removed 


inclusion was the detriment to grain- 


growth. 


The Bi rod had a preferred alignment of ¢ axes 


95 6 
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Ultimate grain size prior to zone melting. 12 


along the extrusion direction which increased with 
lower extrusion temperatures. Magnetic measurement 
of this 


250°C and SO°C gave FA 


alignment for extrusion 


0.12 and 0.30 respectively. 


MAGNETIC EXPERIMENTS 
Equ ipme nt 
The Naval 


D.C., kindly made available their air-core 


Washington, 
Bitter 


Research Laboratory, 
magnet to supply the strong fields requisite to the 
experiment. Steady fields of 70,000 to 80,000 gauss 
may be obtained in the central portion of the solenoid 
A slender resistance furnace 
half-filled 


was situated vertically in the magnet. The samples, 


hole, ]} in. in diameter. 


closed at one end and with silicone oil 


Ultimate grain size after zone melting. 


temperatures ot 
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fastened to a long holder, were positioned under 
the oil, which promoted uniformity of temperature 
and prevented excessive oxidation of the Bi. An 
electronic controller. of the 


proportional type. 


maintained the temperature variation within IC 


Procedure 

The principal variables of the experiments were 
time, temperature, and magnetic field. To ensure 
good boundary mobility, the temperature used was 
250°C. The field strengths were 50,000 and 80,000 
gauss. Various intervals of time were tried between 
the commencement of grain-growth upon plunging 
the samples into the hot oil, and the imposition of 
the magnetic field. This annealing, prior to switching 
on the field, will be termed preannealing. Preanneal 
of 0 and 30 
additional 


min, 4 min, 15 min. min were 


employed. One 
with the field 


houndary motion. 


times 
half-hour of annealing 


proved sufficient to complete all 


Results and Inte rpre tation 
The 


main points: 


results are organized to emphasize three 


the general nature of the effects pro- 


Fic. 6. Stereographic projection of the ¢ axes cf crystal 
pairs flanking hung Pole 
with cylindrical axis of samples and with magnetic 
Treatment: Temp. 250°C, 15 min preanneal 
H 0, then H 77,600 gauss for ~half-hour. 


coimeides 
field. 


with 


boundaries. axis (—) 


duced by the magnetic pressures; the estimation of 


an upper limit to the boundary free energy in Bi: 


the phenomenon of the sticking of the grain boundaries. 

1. General nature of effect. Table 1 and the polar 
projections of Figs. 6-8 summarize the results of the 
various preanneal treatments at 77,600 gauss and 
250°C. 


anisotropy is the largest and, correspondingly, the 


When no preanneal is given, the induced 


average pressure on the hung boundaries is the 
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Fie. 7. Stereographic projection of the ¢ axes of crystal 
hung and large 
| ole axis coincides with ey lindrical axis of Sain] les. 
250°C, annealed for half-hour without 


pairs flanking boundaries some crystals 


Treatment: 


field. 


smallest. Presumably there are many grains having 
mobile boundaries and having ¢ axes parallel to the 
These 


grains are encouraged to grow, impinge on each 


field in the original sample (~2000 grains). 


other, and result in a highly oriented sample having 
magnetic 
9). 


weak 
of 


with 


many low-energy boundaries with 
pressures the 
Thus, Table 1 


grains per sample than would occur in an anneal 


(see crooked boundaries Fig. 


as shows, growth stops more 
with no field. 

Consider next the group of samples preannealed 
15 min prior to the imposition of the field (77,600 
gauss Here growth has proceeded until there are 
~20 grains per sample when the field is switched on 
A crystal of favourable orientation may be expected 
to sweep out each half of the sample. These crystals 
would then form a low-force boundary where they 
This picture is confirmed by the 


the 


meet at the notch. 


high fraction of hung boundaries (0.89) and by 
low number of grains per sample obtained in this 
treatment. Also, the polar diagram of Fig. 6 shows 
the marked alignment of crystals flanking the hung 
houndaries. (The corresponding diagram of samples 
innealed with no field is shown in Fig. 7.) 

The grains of the 30-min preanneal group have 
grown to completion (~6 grains per sample) 
of the field. The 
average number of grains in each half of the sample 
of of 


axis nearly parallel to the field. This fact, combined 


nearly 


prior to the imposition small 


reduces the chances one them having its « 


with some probable sticking (reduced mobility due 


discussed 
ot 


on 


to trapping or other causes 


the 


Impurity 
hung 


them, 


shortly explains reduced fraction 


houndaries. the greater average pressure 
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of the 
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Fic. 8. Stereographic 


pairs fl 


yectie 
inking hung boundaries. Pole 
cylindrical axis of samples and with magnetic field 
Tre Temp. 30 
H 7.600 gauss for half-hour 


atment mil prean ne 


0, then H 


the diminished clustering in the 


Fig. 8. 


and polar plot ol 


Finally, the 4-min preanneal samples, while sharing 


the qualitative features of the othe groups, seem 


to have a lower anisotropy and higher average 


hung-boundary pressure than the trend of Table | 
would indicate. This diminished effect of the field 
may be due to a kind of growth competition between 
the larger number of favorable grains present after 
This 


4 min than after 15 min preannealing kind 
ot 


Q-min 


competition, which is less pronounced the 


preanneal is consistent with the 


\ 
\ 
\ 
\ 
\ 
| 
| | 
| | 
\ 
j 
/ 
ol I sta 
ides +} 
‘ 
~ | 
Annealed half-hour at 250 ( +} 
H = 77,600 gauss 


Number of minutes preannes 
No field 


In tota 
With single hung boundaries 


With double hung boundaries 


Fraction samples with any hung boundaries 
of crystals flanking 
hung boundaries 
nisotropy 
of samples without 
hung boundaries 


gnetic pressure oO} the hur boundaries 


samples with hung boundaries 


samples without hung 
| 


oundaries 


are 77.600 gauss 


Maximum magneti¢ pressure is 5280 dynes/cem?. 


explanation of some other results discussed shortly. R 0.8 cm). This is not surprising in twelve of the 


Nineteen of the fifty-seven samples treated in the — straight cases, since analysis showed the magnetic 


tield developed single hung boundaries (as in Fig. 5) pressure on these boundaries had been less than 


Only three of these boundaries were strongly curved 0.10 maximum Maximum magnetic pressure 


Fig. 10). the remaining sixteen were all straight 250°C: and 77.600 gauss is 5280 dvnes/em? 


other four straight boundaries (all from the 


preanneal group) appeared, however, to ha 
for they had large pressures of 0.11, 0.18, 0.33 
O.S] maximum. Additional instances of sticki 


il 


provided the pairs ol so-called doubl 


houndaries (see Fig. 12) occurring in 1 
the 4-min preanneal group In 

the parallel pairs of hung boundarie 
substantial pressures tending to drive 
These pressures were 0 $4 and 0.39. 


0.01 and 0.23 maximum, respectively 


\ 


/ 
/ 


Magnetic pressure of 4480 d 
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30 
16 33 9 6 
Number of sa es 6 3 Ss 7 } 
0 F 0 
O38 0.33 0.43 O89 0,66 
0.25 0.05 0,92 0.74 0.65 
rractioni 
0.25 O05 OS] 0.3 
Average 0.03 0.26 0,15 0.40 
5.0 3.6 2.5 3.2 
\verage number of grains 
per sample 
4 
4 
The 
— 
nree s pies ol 
Fic. 10, per cm* on boundary T = 250°C, 12 


GRAIN-BOUNDARY VWOTION 


Let us emphasize that a boundary never gets 

stuck while straightening out across the notch (at 
least. not until R = O.8 em). This is true even when 
there is no field so that the driving force decreases to 
zero as the boundary straightens. Instead, the 
difficulty arises in trying to drive a boundary through 
the notch so that it bulges into the other crystal. 
Before we try to explain this tvpe of sticking. let 
us examine the strongly curved boundaries. 
2. Kstimation of boundary tension. Each of the 
three curved boundaries, typified in the longitudinal 
section shown in Fig. 10, was bent in the direction 
favored by the magnetic pressure. It is evident, 
however, from the drawing of the end view at the 
notch shown in Fig. 10 that the boundary was not 
held up by the notch over its entire perimeter (tru 
if all three curved boundaries). 

Despite the appearance, it is believed that the 
boundary was not driven off of the notch from 
i hung condition. The reasons are as follows: many 
ther hung boundaries with large pressures remained 
straight; the boundary in question is not bowed 
uit into a hemisphere symmetrically meeting the 


notch at right angles, as it should be for ideal escape 


the ; ssumption that the center stuck, leaving only 


ne sharply curved side to be forced off the notel 
requires a boundary tension (~S80O ergs/em*) lows 
than is consistent with the large induced anisotrop 
furthermore, such heterogeneous sticki 


onsistent with the uniform urvature 


proposed 


I 


uuntained 
ressure during the 
nce we have seen that free boundaries 
tten out or decrease their area, it Is In 


hree strongly curved boundaries wer 


results 


First. the stuck bounda 


poor mobility, e.g. du 
they must have been 
out Secondly Ve are 


stuck boundaries in the 


. Ll. Proposed origin 


not hang up and stick prior 


af the stronal dl a field, because no hung boundaries 
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{ 
loubl oundari n 
H| 
| | Let us rule out some p | 
2 
| 
| 
iT ne 1 T 
preanne 
single or double 


RGICA, 


ever occurred after only 4-min annealing out of the 
field. Thirdly, the assumption of a very high free 
difficulty of the 


the difficulty of 


energy to explain the bending 


boundaries, neither accounts for 
collapsing the double boundaries nor is it consistent 
with the ease of producing strong preferred orienta- 
tions in the 15-min preanneal group. Finally, it 
seems most unlikely that impurities would always 
choose to inhibit a strongly driven boundary just 
as it flattens across the notch. 

Let us discuss a hypothesis, considered by C. 5. 
Smith and the author, which may account for these 
sticking phenomena in terms of an intrinsic mecha- 
nism that would operate in a pure metal. 


that 


Suppose 
a grain boundary in equilibrium with a 
that a 


pure 


metal crystal had a low mobility. Assume 


boundary must have a concentration of vacancies* 


greater than it has at equilibrium in order to have 


the good mobility ordinarily observed in grain- 


growth (thus the more “porous” boundary would 


permit larger fluxes of atoms to cross it). Suppose 


further that diffusion of these vacancies along such 


a boundary is very rapid. During grain-growth, 


the source of new vacancies for the boundary would 
be defects in the recently lattice 


the 


worked crystal 
the 
The 


interior 


vacancies of 
itself. 


from 


and p ssibly disappearing 


grain-boundary material boundaries 


would transfer vacancies the sources 


to the surface. 


When 


exhausted, and diffusion had cleared the boundaries’ 


moving while thus 


the 


readily over- 


supplied excess vacancy supply was 
excess vacancies to the surface. the low equilibrium 
mobility would result 

The 
lattice and in the boundary should be large enough 
10? on 


coethcients of diffusion of the vacancies in the 


roughly 10° times that of self-diffusion) for 


excess vacancies present in the notched portion of 


t} t 


he treated samples to diffuse to the nearby surface 


in a few minutes: just about one-tenth of the time 


that would be required by vacancies present in the 
This the 


poor mobility of boundaries located near the notches 


ulk of the sample could account for 


compared with those in the bulk. Notice, however, 


that while straightening out, a boundary might be 


le to maintain its mobility by retaining some of the 
vacancies liberated from its diminishing area. 
It is quite possible that excess vacancies in the 


lattice condense as micropores. If small enough, 


these could be 


absorbed and diffused to the surface 


\ithoug! undoubtedly be ill 


smeared out, the term will be 


boundary vacancies will 


defined and rather used for 


onvenrence [f preterred, one may think in terms of 


densities 
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The 


might 


by a moving boundary. resulting spasmodir 


changes of mobility account for the jerky 
nature of boundary motion. 

In ordinary samples, weakly driven or slowly 
moving boundaries are certain to become trapped 
by impurities. Thus, Beck"® finds the limiting grain 
size in thick sheets to be roughly constant and de- 
pendent on the state of purity. For sheets thinnet 
than this constant diameter, however, he finds that 
grain-growth stops at grain sizes proportional to the 
sheet thickness. even though strong curvatures are 


present. We call this the intrinsic range, and believe 
the limiting size to be controlled by the diffusion of 
vacancies to the surface. In fact, if we denote by « 
the sheet thickness and by ¢ the time required until 
have 


the 


the loss of vacancies stops 


grain-growth, we 
9 


from diffusion theory {~c*. If we assume 


houndary geometry, for a fixed ratio of ¢ to grain 
size, differs by only a scale factor in the sheets of 


various thicknesses, we have boundary speeds 


~ curvatures ~ |/c. Therefore, the distances moved 


by the boundaries before stopping ~ I L/e c 
Thus the boundaries stop at a definite ratio of sheet 
thickness to grain size, which is the observed behavior. 

That the enhanced curvature of the boundary of 
orain small ones is an insufficient 


a large among 


exaggerated grain-growth is 


that, in thin 


cause for seen by 


observing enough sheets, boundaries 
of the same curvature have stopped moving (the 
sample-size effect). According to the proposed 
hypothesis, however, boundaries of a few enlarged 
collect the of the 
rest of the boundary material which they consume, 
Thus the 


of supply of excess vacancies would be 


erains might vacancies from all 


thereby maintaining their mobility. rate 
~speed ot 
large boundary amount of consumed boundary 
material in unit area ~ I/c? is also proportional to 
the rate of loss of excess vacancies, so that a steady 
balance is possible. 

To check on the partitioning of excess vacancies. 
assume that the ratio of their concentration in the 
boundary to that of the cry stal is constant for small 
variations and equal to 104, and that the boundary 
width is 10-7 em. We see that the boundaries could 
retain 0.10 of a slight excess of vacancies provided 
the grain were 10-7 104 10 = 0.01 em 
Hence, for 


boundaries 


size 


small grain sizes, disappearing grain 


may be an important source of excess 
vacancies. 

Let us note a few more points consistent with the 
The ability of 


boundaries to absorb 


the 


hypothesis. 
interior of a 
the 


and transfer vacancies from com- 


pacted metallic mass is shown by work of 
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INS: GRAIN 


Ballufti.? 


increase in the rate of disappearance of small voids 


Alexander and They noticed a_ great 


when these were intersected by grain boundaries 

The low mobility of cast boundaries would follow 
not only from impurity trapping, but also from the 
absence of excess vacancies assumed to be produced 
hy cold work, and by disappearing boundary material. 
In a recently reported case. a bicrystal was cast 
so that the boundary ran parallel to and very near 
one edge, then curved in a 90° are and intersected 
Upon annealing, the line 


the 


the edge at right angles. 


of contact of the boundary with the edge of 


sample moved slowly at first, then faster. Perhaps, 


after the sharp curvature started the motion, the 


considerable amount of disappearing boundary 


material furnished enough excess vacancies to 


raise the boundary mobility. 
Dunn'?® 


large grains by the strain anneal technique in very 


has reported difficulty in obtaining 


thin (0.005 in.) sheets of silicon iron. This may be 
due to the propinquity of the surface, which rapidly 


drains the excess vacancies. 


FUTURE WORK 


briefly discuss some work 


We shall 


designed to illuminate the sticking phenomena and to 


planned 


test the vacancy hypothesis. 

The disadvantage of the frequent occurrence of low- 
magnetic-force boundaries may be overcome by 
starting with a long single crystal of unfavorable 
magnetic orientation which has been slightly deformed 
at one end. Annealing it in the field will result in the 
selection, from the recrystallized end, of a mobile 
high-foree boundary which will be driven along the 
sample as it consumes the unfavorable grain. Such a 
technique permits a knowledge of the history of the 
moving boundary unobscured by its relation to other 


If the 


this driven boundary will stop at positions and with 


boundaries. vacancy hypothesis is correct, 
shapes depending on the sample diameter and the 
condition of the metal. For comparison, a boundary 
can also be driven into a highly oriented polycrystal 
instead of a single crystal. The disappearing boundary 
material in this case might facilitate the advance of the 


moving boundary. 
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Appendix 
insula 


Consider polverystalline 


anisotropic in dielectric constant 


electric field. The slow neutralization of the internal 
electric field by conduction may be partially avoided 
since the direction of the 


field 


by using alternating current 
pressure is independent of the polarity of the 
If the electric susceptibility 4 1, the discussion is 
For k 1 we 


the svmmetrical case of a bicrystal disposed between 


the same as in the macnetic case take 
condenser plates in the manner of Fig. 2. Assume the 
two crystals have different principal axes (of sus 
ceptibilities plates 


, and k,) perpendicular to the 


The free energy as a function of boundary position wx is 


found by integrating E- Ddv over the system 


Differentiation with respect to 2 for constant charge 
vives the boundary pressure If. instead. the potential 
is constant, the pressure depends on the boundary 
position, and is larger the closer the boundary is to 


one end. The limiting pressure is easily found to be 


V 
(k, 
300d k. 

Here V is the condenser potential in practical volts anc 
d is the spacing between the plates. 

looks for a 


high 


In order to obtain a large pressure, one 


large k,/ki(k k.). 


‘7 1 2 
resistance, high breakdown strength. and absence of 


substance with very 


stress complications due to electrostriction. To esti 


mate a possible pressure for sulfur, take ky 3.9 
ky 
and V/d 


6150 dy nes/em? 


+.7 (room temperature values in rhombic S 


10° volts/em Equation (5) 


olvVves p 
Although this is a large pressure 
the grain structure of sulfur was examined and found 


to be bizarre and complicated by sluggish phase 


changes. It is possible that other materials. such as 
organic crystals, may be more suitable 


Consider now a bicrystal shaped again as in Fig. 2 


between the plates of a mechanical press. Suppos 


the material is elastically anisotropic and that the two 
crystals have Young's moduli Y, and respectively 
along the axis of compression By considering the 
elastic strain energy, and the work done by the fixed 
stress 7 due to changes in the sample length when the 
finds the 


boundary shifts its position, one easil\ 


houndary pressure to be 


131 
WHICH > 
p 


$32 oT ALURGLI 


Once again p is directed independently of the sign 


of 7. and, in accordance with LeChatelier’s principle, 


urges the boundary in the direction that increases the 


volume of the crystal of greater longitudinal com- 
pliance, thereby tending to reduce the applied stress. 
Consider as an example, a zine bicrystal with one 
C aXis parallel and the othe perpendicular to the axis 
of compression. The small resolved shear stress on the 
critical sheat 
1.75 108 dynes/em*. Taking 1/), 
1.75 10-18 


values). 


slip planes should permit 7 to be ~15 


stress 


(room tem- 


perature Equation (6) gives p 23 000 


dynes/cm?. Such stress-pressures might be expected 
to play some role in the development of preferred 
orientations in worked materials. although the 
phenomena of plastic deformation and recrystalli- 
zation usually supervene. 

The stress-pressures discussed above are similar to 
and 


those occurring in the experiments of Parker 


Washburn.”°9 


its special tilt-type structure, tends to relieve an 


Here a low-angle boundary, because of 


appropriately applied shear stress by moving along the 
sample. 
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THE EVOLUTION OF THE ENERGY STORED BY A GOLD-SILVER ALLOY 
COLD-WORKED AT 195 C AND AT ROOM TEMPERATURE* 


PETER GREENFIELD AND M. B. BEVER 


The energy stored in an 82.6 gold—17.4 silver (bv weight) allo cold 


temperature, has been measured by tin-solution calorimetry. The effect 


content retained by samples deformed at these temperatures has bee: 


n samples worked at 195 C is shown to anneal out in two clistinct stag 


temperature the stored energy is evolved in only one stage Che results are 


of lattice pe rfiections produced by cold working 


L(EVOLUTION DE L’ENERGIE ENMAGASINEE DANS UN ALLIAGE 
\ 195 C ET A TEMPERATURE AMBIANTE 
L’énergie enmagasinée dans un alliage Au-Ag (82.6°,. Au. \g po 


i température ambiante a été mesurée au calorimétre a solution d’étain. L'effe 


énergie enmagasinée par les échantillons déformés a ces températures a été étudic 
par des échantillons déformés a 195 C se restaure en 2 étapes distinctes, ta 
la température ambiante, énergie retenue est restaurée en une étape 


termes de types d’imperfections de réseaux produits par | écrouissage 


R IN ELNER GOLD-SILBER-LEGIERUNG INFOLGE KALTBEAR 


DIE ABGABE DER 
BEITUNG BEI 195 C UND BEI RAUMTEMPERATUR GESPEICHERTEN ENERGII 
Au und 17,4 \g (Gewichtsprozente) durch Kalt 
195 C und bei Raumtemperatur gespeicherte Energie wurde mit Hilfe eines Z 

ten Temperature: vertor! 


Die in einer Legierung mit 82.6%, 


meters gemessen. Weiterhin wurde an bei den genannt 
von Warmebahandlungen auf den zuriickbleibenden Ene 
in Proben, die bei 195 C bearbeitet wurden. dic 

stufen frei wird, wahrend sie nach Bearbeitung 

Die Ergebnisse werden auf Grund der ve1 


beitung entstehen, diskutiert 


INTRODUCTION two sharply defined stages heal LOO 


The plastic deformation of metals below room Eggleston’s™ results on copper were al 


cold- nto two low-temperature recover, stages yhnien 


temperature and the annealing of metals 


r broader than those of Manintveld 


worked in this range have attracted increasing were, however, fa 
attention in recent years. These processes have The recovery of electrical resistance at low tempera 
been investigated principally by measuring changes ture has been attributed to the 

in electrical resistance and mechanical properties vacancies, vacancy pairs, 01 
Molenaar and Aarts”) used such changes to examine hy 
considered as immobile at the 


plastic flow. Point defects 
temperature 


the effects produced by working samples of copper 


silver, and aluminum at the temperature of liquid a 
temperature and even at 79°C to form aggregat 


r,) but as possessing sufficient mobility 


air. The stress-strain curve of these samples re 
mained unaffected by annealing for a few minutes large enough to reduce conduction electron scatterin: 


from the level produced by the isolated defects 
The work of Manint 


at room temperature, but their electrical resistance 
abruptly. Blewitt ef al. found that existing at low temperatures 
copper veld would indicate the presence of 
of point defect with different ictivation 


decreased 


such recovery in electrical resistance of two distinct 


deformed at 195°C took place at temperatures types 
as 79°C. Observations by Manintveld™) — energies 


as low 
suggested that the recovery in electrical resistance Work on samples irradiated at low temperatures 
of deformed copper, silver, and gold occurred i with high-energy particles supports the interpre 


tation of low-temperature recovery in electrical 


* Received November 21, 1955. This investigation was 
sponsored by the U.S. Atomic Energy Commission unde1 resistance as a process involving point defects 
Contract AT(30-1)- 1002. Changes in resistance induced by 


{ 
) 


Department of Metallurgy, Massachusetts Institute of 
Technology. heen reviewed by Broom.‘ An investigation by 
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irradiation have 


| 
rgieinhalt untersucht rd gezeigt 
A herte Energie in zwei getre te Krholung 
= emperatul ir einer Stufe abgegebe 
> mn Gitterfehl e be ler Kaltb 
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Overhauser’ of the energ\ stored by irradiating 


coppel shows that the energy is released over a wide 


temperature range below room temperature. 
Recovery of the mechanical properties in deformed 
higher 


metals requires annealing at 


the 


temperat ures 
of electrical 
little 


than those required for 
Most 
affected by point defects, but are markedly affected 


recovery 


resistance. mechanical properties are 


by line imperfections. Apparently line imper- 


a major part in the recovery at higher 
Dorn 


observations of 


fections play 


and co-workers?) concluded 


the 


temperatures 


from resoftening in aluminum 


that at least two types of imperfections were in- 


volved in the recovery above room temperature. 


This distinction was based on the ease with which 


the imperfections were eliminated by annealing. 

No information has been published on the evolution 
of the stored energy during annealing of samples 
deformed below In the present 
the 
l7.4 Ag 


tin-solution 


room temperature. 
stored during deformation of an 
195°C 


and 


we wrk. 


82.6 Au 


energ\ 
Was 
the 
the 


by weight) alloy at 


measured by calorimetry. 


evolution of this energy during annealing in 


range from 130°C to 420°C was also investigated. 
For comparison, similar measurements were made 
after room 


on samples annealed deformation at 


temperature and T9°C 


EXPERIMENTAL PROCEDURES 


Cold working. It was necessary to carry out the 
plastic deformation by a process which could be used 
195°C. Drilling 
This 
conditions is 
the 


at room temperature and at 


appeared to meet this requirement hest. 


performed under controlled 


pl Ocess 


related to orthogonal cutting. especially if 


cutting face of the drill is in a radial position. In 
both processes the material is subjected to heavy 


shear. It has already been shown that orthogonal 


and drilling reproducible values of 


9,10 


cutting vield 
stored energy. 

A gold-silver alloy block was clamped rigidly to a 
thermally insulating base secured to the platform 
The torque exerted by the drill was 
this 
For 


block, clamping jig, 


Ol a drill press 


measured by a strain ring assembly.“” and in 


way, the total energy expended was found. 


drilling at 195°C. the alloy 
and most of the drill were immersed in liquid nitrogen. 
For 


chloride 


drilling at room temperature, carbon tetra- 


fluid. When 


tetrachloride in 


served as cutting water was 


substituted for carbon one run, 


the same value of stored energy was found. 
Three successive samples were drilled from each 
block straight-fluted drills of increasing 


alloy with 
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diameter. The fourth and final cut was made with 


a twist drill; since it was difficult to keep the long 
chip submerged under liquid nitrogen, these samples 
were used for annealing at room temperature o1 
with 


the 


along with other samples produced 


fluted drills. The 


showed no systematic effects of the 


above, 


straight measured values of 


stored energy 


tvpe of drill used or the drill size. 


Annealing. Samples worked at 195°C) which 
were to be annealed below room temperature, had 
to be kept below the intended annealing temperature. 
After drilling, the sample was transferred undet 
immersed in and 


the tube 


glass tube 


liquid nitrogen to a 
containing liquid nitrogen. For annealing, 
was then suspended in a constant-temperature bath; 
tne nitrogen boiled off rapidly and the tube was 
sealed with glass-wool. A solution of 75°, petroleum 
ether and 25°, methyl cyclohexane, with an ad- 
mixture of an appropriate amount of liquid nitrogen, 
130°C. A 


with 


used at constant temperature ot 


79°C 


Was 


was maintained a mixture of dry ice 


and acetone. Both media provided a temperature 
stability of 
For 


samples were sealed in evacuated glass tubes and 


1°C for at least one hour. 


annealing above room temperature, the 


immersed in a liquid of constant-boiling temperature 


contained in a flask fitted with a reflux condenser. 


rhe 


were 


boiling 
(195°C), 


phenone (306°C): these temperatures are not values 


used and their 


(L00°C), 


liquids temperatures 


water carbitol and benzo- 
taken from the literature, but the boiling tempera- 
420°C, 


control 


tures actually observed. For annealing at 


a salt bath with automatic temperature 


was used. 
deter- 


contents were 


this. the 


Calorimetry. The energy 


mined by tin-solution calorimetry. In 
heat effect produced by adding the worked sample 
from a starting temperature such as 195°C to a 
bath of tin at 240°C is compared with that pro- 
duced by the addition of a fully annealed sample. 
The difference in these heat effects, adjusted for the 
the 


change in solution,“ yields 


the 


composition of 
directly the difference in energy contents at 
initial temperature of the two samples, that is the 
stored energy. It is important to keep the heat 
effects as small as possible so that the stored energy 
For 
this reason, an alloy of such composition was used 
that heat 
balanced the heat absorbed in raising its temperature 
to that of the tin. 


In earlier 


is the difference between two small values. 


the evolved upon its dissolution in tin 


investigations, a 75 Au-25 Ag (by 


weight) alloy was used. 1% This gave nearly 


| 
4 

4 
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EVOLI 


TION 


oO 


Stored Energy, « 


=100 


The energy stored in samples of 82.6 Au-17.4 Ag 


as a function 


added 


In the present work. samples were 


thermal balance when from O°C to 


240°C. 


added from 


pertect 
tin at 
195°C and a larger heat of dissolution 
was required. By increasing the gold content of the 
alloy to 82.6 weight per cent, nearly perfect thermal 
balance was restored. For this reason, all samples, 
including those worked at room temperature and at 

79°C. and the annealed samples, were also added 
from 195°C. 

The technique of transferring the chips of alloy 
drill 


described, 


press to the calorimeter has been 


Any 


densation of moisture on the specimen were pre- 


from the 


rise in temperature and con- 


vented by keeping it at all times immersed in liquid 


nitrogen. Any ice condensed into the bath was 
removed by rinsing the sample in fresh liquid nitrogen 
After the sample was placed in the addition arm of 
the calorimeter, the liquid nitrogen was pumped off, 
while the temperature of the sample was kept at 

195°C by a bath of liquid nitrogen surrounding the 


From this point on, the procedure and calcula- 
13 


tions similar to those described elsewhere.‘ 


Tensile tests. Strip 


prepared by rolling and annealing at 500°C for one 


were 


for tensile specimens was 


hour, to obtain fully softened material The gage 


length of the specimens was 2.5 cm and the cross- 
was 0.4 « 0.025 cm. The tests were carried 


out at room temperature and at 


section 
195°C in equipment 
immersion of the 
195°C, 


the specimen 


which permitted specimen in 


run at the load 


test 


liquid nitrogen In one 


was removed during the and 


allowed to recover at room temperature for about 


of subsequent 


+ 300 


+200 


annealing treatment 


alloy worked at 


ten minutes, before again cooling to 195°C) and 


continuing the deformation 
X-ray diffraction. Material annealed at tem 


X-ray 


follow the 


room 


perature and above was examined by an 


back-reflection technique in order to 


progress of recrystallization 
RESULTS 


The 


stored energy retained in samples of the 82.6 Au-17.4 


EXPERIMENTAL 


Stored-energy measurements values of the 
Ag (by weight) alloy after various cold-working and 


Most ot 


with the time 


annealing treatments are listed in Table ] 
these results are also shown in Fig. 1. 
of annealing indicated for each sample 

The evolution ot energ\ stored in sample s worked 
at 195°C took place in two clearly defined stages 
The 195°C 


79°C, 


first of these, which lies between and 


involved a reduction in stored energy of 


about 50 cal/gram-atom, equal to approximately 


one-quarter of the total energy stored during working 


at 195°C. The lower limit of the second stage was 


near room temperature. After annealing for one hour 


at 100°C. 195°C. and 306°C. progressively less stored 


energy remained and afte annealing for one hour 


at 420°C the sample contained no stored energy 


In contrast to deformation at 195°C. the evolution 


ot energy, stored In samples worked at room tem pera- 


ture involved only one stage. This began at approxi- 


mately 1LOO°C and was almost complete at 306° 


The stored-energy values obtained were indepen 


dent of time of annealing at temperatures ranging 


from 130 to 22°C for the annealing periods used 
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samples of 82.6 Au-—17.4 Ag 


itions of cold work and annealing 


a twist drill, 


ont fluted d 


Work not 


the stored energy retained after annealing treatments 


reported in detail here indicated that 


for one and two hours at 100°C and above was a 


function of the time of annealing. 

One to two hours elapsed before samples worked 
at 195°C, but not for annealing, could 
Although no attempt 


was made to vary the holding time systematically 


intended 


be added to the calorimeter. 


at 195°C, slight variations in time imposed by the 
experimental conditions had no effect on the stored 
Each of the of the 


drilling at (runs 


energy. stored 


LOG) 


values energy 
195°C LOL. 104. 


represented a separate drilling operation and calori- 


during 
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metric run: their scatter was much smaller than 


that normally expected. 

Samples worked at 195°C were annealed at 
79°C for periods ranging from 0.13 to 1 hr and at 
0.13 to 192 hr. 
were independent of the time of annealing 


TOC 


22°C from The variations in stored 


energy 


for these periods. Annealing at reduced the 


stored energy to the same value as annealing at 
room temperature. 

An average value of S88 cal oram-atom Was obtained 
for the energy stored during drilling at room tempera- 
This figure is smaller than that 


ture. obtained by 


working at 195°C and annealing at room tempera- 
ture. The value of 8S cal/gram-atom was independent 
of holding time at temperature over periods ranging 
from 1 to 192 hr. The value was also independent of 
When in 


tetra- 


during drilling. 


substituted fo 


the coolant used one 


instance water was carbon 


chloride, a stored energy of 94 cal/gram-atom was 


found; this is within the experimental limits of 


accuracy of the values obtained with carbon tetra- 


chloride. As the stored energy did not change with 


two such widely different lubricants, it 


that the 


may be 


concluded differences in stored energy 


produced by cutting under carbon tetrachloride 


(or water) at room temperature and under liquid 


nitrogen constitute primarily a temperature effect. 
Fig. 1, the 


As shown in second stage of energy 


evolution in samples worked at 195°C begins at a 
lower temperature than the energy evolution from 
samples worked at room temperature. In spite of 
this. the energy retained by the former still exceeds 


that of the latter after annealing for one hour at 


temperatures as high as 200°C. 
One included in Fig. |. was 


79°C 


experiment, not 
carried out by drilling at under a mixture of 
acetone and dry ice. This sample could not be 
cleaned at this temperature, but had to be heated 


to room temperature. It was divided into two parts, 
hour at 


The 


obt ined for 


one of which was annealed for one room 


temperature and the other at LOO°C. stored- 


similar to those 


195°C 


values 


drilled at 


energy were 


material and annealed at room 
temperature or LOO°C, respectively. 

Energy eX pe nded during cold-working. Only about 
| per cent of the energy expended in drilling was 
retained in the samples. 

195°C 


amount required at room temperature. 


The energy expended at 


and 79°C was approximately twice the 
Deformation 
with the twist drill required less energy than with 
the straight-fluted drills. 

Tensile tests. 


curves for the alloy at room temperature and at 


Fig. 2 shows true stress-true strain 


ACTA ME 
E 1. The st energ) 
Temper: Tempera Stored 
( etric ture of ture of Time of energy 
1 orking. anneal, anneal, | cal/gram 
( { atom 
| 
101 195 206 
207 
6] 195 130 
160 130 192 
122 79 0.13 160 
117 195 79 143 
118 195 74 155 
114 195 22 0.13 1353 
195 22 147 
195 29 $8 157 
114 195 100 11S 
195 195 80 
120 195 306 24 
182 195 120) 
4 
112 R.1 93 
113* R.T 76 
114 R.T 93 
RI G4 
116* R.T 192 S6 
123 R.1 Loo 4 
158 R.1 195 52 
R.T ] 67 
162* R.1 195 5? 
162* R.1 195 | 66 
R.'] 306 | 20 
Note: Samples marked by * were cut with IZ 
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195°C. Test 1 was uninterrupted, but in test 2, 
the stress was removed at 


held at 


continuing the test at 


A, and the specimen was 
fol 
195°C 


minutes before 


This failed 


stress-stram 


room temperature ten 


to pro- 


duce any discontinuity in the curve 


The size effect resulting from the small thickness of 
the specimens should be kept in mind in considering 
absolute values of the true stress. 


X-ray diffraction. X-ray 


graphs recry stallization is 


back reflection 


phot ) 
that 


suggest 


complete 


after annealing for one hour at 306°C. An annealing 


time of one hour at 195°C produced line 


some 


sharpening, but higher temperatures are necessary 


for recrvstallization 
DISCUSSION OF RESULTS 
The 
results is the presence of two distinct stages in which 


most interesting feature of the experimental 


the en rey evolves from samples deformed at 
The 
analogous to the recovery of electrical resistance in 
Molenaar Aarts™ and _ of 
According to the interpretation of 


low-temperature stage. complete at 79°C. 1s 


the experiments of and 


lewitt ef 
these experiments by Seitz, point defects produced 


by plastic flow form aggregates upon annealing, 


Also, 


vacancies 


the energy 


reducing the electrical resistance 


ted 


on clustering. 


with a given number of must 


ASSOC 


decrease Point defects, on the othe 


hand. have little effect on the tensile properties, and 


remallis 


consequently the stress-strain curve (Fig 


unaltered by room-temperature 


recovery ol speci- 
mens worked in tension at The low-tempet 


te after annealing for only 0.13 hr at ( 


ture stage of evolution, as shows, is 


energy 


COM pie 
and is apparently readily activated 
The 50 cal/gram-atom evolved in the low-tempe 


ture stage cannot be ascribed unambiguously to the 


elimination of point defects from the samples 


Stroh"? has expressed the stored energy of cold work 


predominantly in terms of interaction energies 


between dislocations. Regrouping ot dislocations 


the 


Such 


into more stable lowers interaction 


patterns 


energ\ of a network of dislocations redistri- 
bution could take place at low temperatures through 
than 
15) A 


reduction in the stored energy: 


glide rather by climb mechanisms requiring 


of this kind would also 


the 


diffusion. mechanism 


lead TO 


temperature stage shown in Fig. | 


low- 
may, therefore, 
he composed of several parts. 


Manintveld‘ 4) 


Observations by and Eggleston! 


takes 
This 
tvpe ot 


show that recovery in electrical resistance 


place in two stages below room temperature. 


suggests the annealing of more than one 


EVOLI 


OF ENE 


detect each o which should he 


teristic stored energ Qbsery 


kind are compatible with the present results 


changes in energy produced by different 


mechanisms operating it ditterent te 


tures could perhaps lye observed 


sepal itel 


nonisothermal annealing calorimete! but the 


in the work 


have been masked 


The 


present 


stored ene evolved from 


at annealing 


tpproxim 


attribut 


lay be assumed 

of the energies of 

involved 

to atoms in 

at L9D~¢ ranges between 

should be emphasized that this figure is pre 
oh as. the 


50 ecal/gram-atom Is 


measured chang 
unlikely 
ances 


und 


twice 


entirely with the regrouping of vac 


Samples worked at 195 unnealed at 


room temperature contain almost the amount 


of stored energy as samples worked at room tempel 


ture Probably much ol this excess 1S ittribut ible 


to the formation of different patterns of dislocations 


In an investigation by Ke lly and Roberts 18 


mation of aluminum at the temperatur 


nitrogen produced subgrain siz 


obtained by a similar working 


process 


| 
f 
lattice {ssociated 
ations of t 
4 
¢ 
enercy is entirely to the rearrangement of 
nee vacancies, their number can be estimated. 17 
1.O eV from published va f old ar ilwe 
_ 10 
ttitet 


MET 


the subgrains formed at low 


also. 
did 


room temperature. 


temperature: 


temperature not Grow during annealing at 


present work can similarly be 
greater volume of subgrain walls produced by the 
low-temperature deformation process. If the energy 
per unit area of subgrain boundary produced at the 
two temperatures is assumed to be equal, the cor- 
responding two stored-energy values are in the same 
hence the subgrain size 


195°C is 


ratio as the subgrain sizes: 


of the gold-silver alloy deformed at 


almost one-half that of the alloy deformed at room 
the effect observed in 


temperature, similar to 


aluminum. 


An alternative explanation is possible for part of 


the excess of the stored energy found in the samples 


worked at —195°C and annealed at room temperature 
over the energy in samples worked at room tempera- 
ture. Local regions in the latter undoubtedly have 
reached temperatures above room temperature as a 
These 


may have suffered a reduction in stored energy by 


result of the cold-working process. regions 


annealing. 


Material deformed at 79°C and annealed for one 


hour at 22°C 


and 100°C gave stored-energy values 
worked at 
110°C. Point 


79°C. would 


similar to those obtained in 
195°C 


defects 


samples 


and annealed at 22°C and 


formed by deformation at 
anneal out immediately, but apparently a pattern 
of line defects is formed at this temperature similar 
195°C. 


195°C and annealed for one 


to that produced by deformation at 
Samples worked at 
hour at LOOTC, 195°C, and 306°C show a progressive 


decrease in stored energy. This is similar to the 


behavior of samples worked at room temperature, 


hut in their case the decrease in stored energy starts 
The X-ray 
reflection photographs of material worked at 
that 


back- 


the 


at a slightly higher temperature. 


two temperatures suggest recrystallization 
takes place during annealing for one hour at tempera- 
200°C and 300°C. Annealing below 


tures between 


200°C does not involve recrystallization. 

The room temperature 
Fig. 75 Au-25 Ag (by 
weight) alloy cold-worked by filing at room tempera- 
The 


recently 


annealing curves above 


1) are similar to that for a 


ture. annealing behavior of this alloy was 


investigated by a combination of calori- 
diffuse X-ray 


This investigation shown 


metric and scattering techniques.“% 


has that annealing below 


250°C for periods of one hour had only a small effect 
upon the initial subgrain size, but higher tempera- 
tures resulted in a sharp increase. The local strains 
moderately in one-hour 


decreased anneals up to 


ALLURGICA, 


The excess energy found in the 
attributed to the 
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about 250°C, and were completely eliminated after 
one hour at 300°C. In the present investigation the 
high-temperature stage can, therefore, be interpreted 
combination of involving relief of 


as a 


recovery, 


local strain together with slight subgrain growth, 
and recrystallization. The recovery process may be 
expected to become more important if the initial 
subgrain size is smaller or the local strain greater, 
as would be the case in material deformed at 195°C 
It may be for this reason that the decrease in stored 
begins at a lower temperature in samples 
195°C 
room temperature. 

Warren'?9) 
range order exists in alloys of silver and gold. Severe 
Au-25 Ag 


order 
the 


energy, 


deformed at than in those deformed at 


Norman and have shown that short- 


filing a 75 
the 


(19) 


deformation produced by 


(by weight) alloy reduces short-range 


parameter by 50 per cent. Application of 


quasi-chemical theory to these results yielded an 
energy associated with the change in short-range 
order having a maximum value of 21 cal/gram-atom. 
On annealing, no change in the short-range order 
parameter occurred during recovery, but the para- 
value of 


82.6 Au 


original 0.06 
For the 17.4 Ag 
(by weight) alloy used in the present work, a short- 
0.045 
by extrapolation of the value of 
Au-35.4 Ag alloy and the value of 
75 Au-25 Ag alloy.“ 


at room temperature affects the short-range order 


meter returned to its 


during recrystallization. 


obtained 
64.6 
0.06 tor a 


range order parameter of can be 


O.OS for a 


If deformation by drilling 


to the same extent as filing, the short-range order 


parameter is again reduced by 50 per cent. On this 
basis, the quasi-chemical theory indicates a contri- 
bution of short-range order to the energy of cold 
work by an amount of approximately 14 cal/gram- 
atom. This energy May be expected to be evolved 


during recrystallization. 
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LETTERS TO THE EDITOR 


Retained Austenite in Slow-cooled 
Low-carbon Steels* 


On a number of occasions. the possible existence 
of an austenitic film between ferrite grain boundaries 
in iron-carbon systems was suspected.“~° 
there was no direct evidence reported concerning 
the presence of such a structure in low-carbon steels 
at room temperatures. However, during the course 
of an investigation on the constituents in low-carbon 


steels, using the electron microscope, an austenitic 


Eleetron mict f ‘plica dry-stripped 
h Nital, showing 


ustenit tructure as ferrite grain-boundary fil 


carbon tee] etche wit 


diffraction pattern was found to occur from a slow- 
cooled sample. In view of the metallurgical background 

sample, it was surprising that the austenitic 
structure was present in the system at room tempera- 
tures. In order to confirm this effect, several more 
s umples of low-carbon steels hav ing a carbon content 
of about 0-05°,, were examined by electron diffraction. 
Identical patterns as the one shown in Fig. | were 
obtained for all the samples after etching with 
Nital. Analyses of the diffuse rings indicated the 
presence of a face-centered cubic structure having a 
mean unit cell dimension of 3.63 A, comparable 
to that of austenite. The spotty rings were diffracted 
from the body-centered cubic z-Fe with a unit cell 


dimension of about 2.86 A. Fic. 3. Electron micrograph of Formvar replica dry-stripped 


After the austenitic diffraction pattern was obtained, from low-carbon steel surface etched with Nital, showing 
protruding austenitic film as ferrite grain boundaries and 


Formvar replicas were dry-stripped from the sample massive cementite surrounded by austenitic structure 
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* 
; 
ol lo 
19 
° 
1. Reflection electr liffraction petter from lo 
* 
steel surface etched th Nital. she g spott % 


THE 


. 4. Eleetron micrograph of Formvar replica dry 


low-carbon steel surface successively etched 


chromic acid, showing protruding austenitic 


ferrite grain boundaries and dark receding 


Massive cel 


surrounded by light protruding austenitic structure, : 


» sub-grain veins in ferrite 


as ris Tine 


The 
nucrog! iph of the replica showed fairly vood contrast 
he 
responsible 
Th 


surface for microscopic examination electron 
tor t 
austenitic diffraction 
Fig. 2 


protruding structure, and is believed to be 


for the pattern 


light network in was observed as 


responsible for the austenitic diffraction 


pattern 


ndicates that the ferrite grains are surrounded 


thin austenitic boundary films. Large protruding 


areas were also observed. However, they were not 


helieved to be entirely austenitic, but more or less 


likely to be cementite, judging from the ordinary 


In order to determins 
the 


light microscope examination 
hoth 


whether structures were present, same 


sample was electrolytically etched in chromic-acid 


solution for a short duration Formvar replicas 


of the surface then revealed the separation of the 
from cementite 


the 


presumed austenitic structure as 


the electrolytic etching removes carbide ot 


leaves the austenitic structure almost 
Fig. 4 shows clearly the effect that the 


cementite but 
unattacked. 

massive dark receding area of cementite is enveloped 
by the light areas of the presumed austenitic structure, 
which extends out continuously as the light austenitic 
films between the ferrite grains, as mentioned before. 
It is interesting to note that numerous dark subgrain 
throughout the ferrite grains. 


veins are 


It is 


present 


not known whether these veins are where the 


high carbon concentration was. Future investigations 


determination of the protruding structure 


the 


EDITOR 


The 


part 


are planned 


supported in hy from the 


School ot the 


that 


unt 


University of 


\Linnesota s ho 


more detailed information will | 


Te t¢ 
( 


the near future 
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OLOMBIER, .V/ 


1 Feb 


Creep of Sodium Chloride and Sodium 
Bromide at High Temperature 


In discussing results of a pre 


Mmeasurel 


ide 


the steady state silver bron 


creep 


1 1 
It Was nat tThe\ were 


vrata] 


pret ible in terms of the hy pot he sis that creel 


related to the coefficient of 
diffusion coefficient of 

it is the more slowly 
expected to control 


nave how Heel 


‘On pi rison. the 

) measured and the 

The apparati 
applied to the crystal 
that previously described 
the strain is measured by ; 
which is essentially fricti 
introduced 
the gage \ 
tne 


vage which 


due to friction in serlous 


corrosion of the 


encountered in 


alk 


apparatus near the melting-point of the 


crystals. The corrosion was sufficiently reta 


silver-plating the apparatus followed by 
The 


grown by the Czochralski method of 


the 


sodium bromide crysta 


rhodium plating 


The 


POC k salt 


melt. using reagent grade salt 


chloride crystals were natural 


specimens in the form of rectangular parallele 
were prepared by cleavage followed by li 

The height of the specimens Was between 5and 11 mn 
‘usually not the s) 


The cross-sections wel squal 


program irrent] 


Graduate 


ped 
] 


withd wal Tron 


valle 
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he \oBr is unknow1 
[his recently a ( I\ 
uded 
st nie 
d 
| 


(MIN.~!) 
T | | 


T 


TRAIN RATE 


1. 


Steady 


60. SO, and 100 g/mm*. 


dimension being about one-half to one-fifth of the 


height. No dependence of the results on dimensions 
ol shape was noticed. 

The crystals were set in the apparatus between 
platens made by casting dises of alundum cement } in. 
thick, which were then fired and polished smooth and 
parallel. Between these discs and the crystal were 
pieces of platinum foil. Since the axis of compression 
(OOL| axis, 


was an the preferred slip systems.) an 


Ol] plane and (O11) direction. were also those of 


maximum resolved shear stress. The shape of the 
specimens after deformation indicated that slip had 
occurred on these systems. 

Measurements of the creep rate were made down to 
temperatures about 200° below the melting-point, at 
stresses of 60, 80, and 100 g/mm?. In this range there 
Was a transient phase of creep during which the strain 
was of the order of 5 to 15°,. followed by a phase in 


As the 


transient creep was more quickly exhausted at higher 


which the rate was approximately constant. 


temperature, for each stress o the steady-state creep 
rate « was obtained at the highest temperature. The 
temperature was then changed and the rate measured 
at the same stress. 
NaBr and 
Figs. 


dependence is 


The results for eight specimens of 
NaCl are 
The 


exponential, 


eight specimens of shown in 


and 2, respectively. temperature 


clearly indicating an 


ictivated process. 
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The lines drawn in the figures are described by the 
formula 
e — Cexp{—(Q — Bo')/RT}. 


ao is used because it seemed to be preferred in the 
results on AgBr, although in the present experiments 
another stress dependence is not definitely precluded. 


The values of the parameters are 


for NaBr 0 


82.4 kg-cal/mol 
B 1.60 (kg-cal/mol)/(¢/mm*) 


15.4 10!? min7! 


und for NaCl 


82.4 kg-cal/mol 
B = 1.60 (kg-cal/mol)/(g/mm?) 
4.6 10!? 


It is interesting that the data for both salts can be fit, 
using the same activation energy and_ stress 
dependence. 

The fact that the activation energy for steady-state 
creep is about the same for NaCl and NaBr seems to 
exclude the assumption that these rates are controlled 
by the diffusion process in this range of stress. since 
the activation energy for the diffusion of Br~ in NaBi 
is’) 47 kg-cal/mol and that for Cl- in NaCl has been 
reported to be 62 kg-cal/mol. These are appreciably 
different, and considerably smaller than the activation 


T (°C) 


750 


T 


STRAIN RATE (MINW') 
W 


108 104 100 O96 
x10° 


Steady-state creep rate of NaCl at stresses 
60, SO, and 100 g/mm?. 
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Ss TO 


energy for the creep rate, which varies between 66 and 
70 kg-cal/mol in this range. In the previous work on 


AgBr, however, there appeared to be two distinct 


regimes of behaviour, at low and at high stress. 


The high-stress regime was attributed to a limitation 
of dislocation climb by diffusion of vacancies, whereas 
it was supposed that at lower stresses the limitation 
was the inhibition of the motion of dislocations on 
the slip plane. It is possible that if the present results 
were extended to higher stresses, a similar break in 
would be found. 


difficulties, 


the behavior Unfortunately, this 


extension presents because at higher 


stresses the total amount of transient strain, before 
the onset of the steady-state, becomes very large, so 
that the specimen is too distorted geometrically to 
give reliable values for the steady-state rate. 

A further comparison of the creep rates of NaBr and 
NaCl can be made by extrapolating to the values at 


Although 


factors differ by a factor of more than three, at a stress 


the melting-points. the pre-exponential 
of 100 g/mm? the creep rates at the melting-point 
If the data previously 
AgBr crystals with 


would differ by less than 20°, 


obtained at low-stress levels in 
001] axis are also fit to the same formula, the para- 


meters are for AgBr 
S1L.5 kg-cal/mol 
B 1.95 (kg-cal/mol)/g/mim*) 


C 107° 


The activation energy is about the same, the stress 
dependence is somewhat greater, and the pre-expon- 
ential factor is many orders of magnitude greater 
The AgBr at 


60 g/mm?, however, is the same as the values for the 


value for its melting-point and at 


alkali halides at their melting-points. Thus from this 


point of view all of these values fall into line. 
These considerations suggest expressing the creep 


rate by the “universal” formula 


E)/RT,,\ exp |—(Q — Elo 


€ A exp }(Q 


where Q = 82 kg-cal/mol 


16 kg-cal/mol 


1 


10-? min 
T, is the melting temperature and a, is 100 g/mm-* 
for NaBr and NaCl and 60 g¢/mm? for AgBr. The 
question whether a, can be identified with the vield 


cannot be answered from available data. 


stress 
There is not good agreement among reported values.) 
Stepanow® gives a value of 70 g mm? for the elastic 
limit of AgCl at room temperature and states that 
the NaCl is The 


dependence is also uncertain. For the present purpose 


value for similar. temperature 


THE EDITOR 


‘an be taken as a parameter characteristic 


material 
The 


argument of Zener. The rate process is proportional] 


appearance ot r can be explained by an 


AG is the increment of 
AG AH TAS, 


to exp }|—AG/RT', where 
Gibbs energy. 
since AH must be identified with the measured heat 
of activation H, one has exp {AS/R! exp | —H/RT' 


If it is assumed that the major part of AG is expended 


free Since and 


in straining the lattice, its temperature coefficient will 


be about the same as that of the elastic modulus 
Then 
AS (H/T 


p)/d(T/T,,). 


where } 
Thus one has here 


é Aexp|PH/RT exp|—H/ RT’! 


with E 


| 
We have put Hic.) 


not make much difference in the narrow-stress range 
Now. 
data on the temperature dependence of the elastic 
pis about | for NaCl; actually it is found 


in the entropy term, but this will 


p for NaCl can be calculated independently from 


constants 
to be 1.2 or O.8, depending on whether the shear o1 
tensile modulus is used, compared with values around 
0.3 for most metals. Nodataareavailable for the othe 
ctivation 


Na Bi 


the following a 


NaCl), 64 


crystals, but assuming | 
entropies AS are calculated 6] 
95 (AgBr) cal/mol-deg 
Department of Physics, 
Dartmouth ollege, 
Hanover, New Hampshire 
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STEPANOW 


Mare 


Orientierungsanderungen in aus der 
Schmelze gezogenen Metallkristallen* 
Zink-Kristalldrahte 


dem 


Es wurden Aluminium- und 


0.2—1.0 mm Czochralski 


Die 


Durchmesse 
Verfahren 


wedel 


hergestellt Kristalle wurden ent- 


Luft oder in einem Schutzgas gezogen 
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Abb. 2. Beispiel 
einer Zn Probe in 
Messpunkte 


die 


Orientierungsanderung entlang 


stereographischer Projektion (Ausschnitt); 


t 


Réntgenaufnahmen 


che 


aden 


alle 


» 


I 


autgenommenen 
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eine besondere Kiihlung der Proben iiber der Schmelz- 
oberflache fand nicht statt, so da also der Tempera- 
turgradient im Wachstumsgebiet fiir alle Versuche 
als annahernd konstant gelten konnte. Der Reinheits- 
orad der verwendeten Metalle betrug mindestens 
99.99 v.H 

Bei der Verwendung verschieden orientierter Impf- 
kristalle konnte festgestellt werden, dab sich die 
Kristallorientierung wihrend der Herstellung entlang 
der proben andert."? 

Abb. 1 enthalt in stereographischer Projektion 
Beispiele fiir die Art dieser Anderungen, wie sie an 
einer gréBeren Zahl von Aluminium-Proben gefunden 
wurden. (Das jeweilige Pfeilende gibt die Ausgangs-. 
clie Pfeilspitze die Endorientierung der verschieden 
langen Proben an.) Die Uberginge von einer Orientie- 
rung zur nachsten scheinen unter den vorliegenden 
Versuchsbedingungen kontinuierlich vor sich zu 
gehen, wie sich an Hand einer entsprechenden 
Reihe von Drehkristallaufnahmen zeigte Die Rich- 
tung der Orientierungsanderung ist kristallographisch 
im wesentlichen durch ein Umfallen der Drahtachse 
vekennzeichnet und zwar entweder in Richtung auf 
die Raumdiagonale (Abb. la) oder die Wiirfelkante 
Abb. Ib). wodureh dichtest, bzw. zweitdichtest 
helegte Netzebenen parallel zur Schmelzoberflache zu 
liegen kommen: eine d&hnliche Bevorzugung det 
Flachendiagonale wurde nicht beobachtet In Ergan- 
zung und Ubereinstimmung mit diesen Befunden 
steht die Tatsache. dais in Kristallen, in denen 
einmal eine Raumdiagonale par llel zur Drahtachse 
liegt. diese Orientierung im weiteren Verlauf des 
Wachstums heibehalten wird siehe in Abb. la Proben 
Nr. 30-35, 37 usw.). Hingegen konnte bisher noch 
nicht vorausgesagt werden, ob sich in einem Kristall 
heliebig vorgegebene! Orientierung unmittelbare 
Nachbarschaft von JOO1L| oder [111 ausgeschlossen 
diese gemaB Abb. la oder Abb. Ib Aandern wiirde 
Von EinfluB auf das Ausmab dieser Orientierungs- 
Unterhalb 


von 60 em/h konnten Anderungen von 3°/cm regis- 


anderung ist die Ziehgeschwindigkeit 


triert werden, mit einer Steigerung der Ziehgesch- 


windigkeit gingen die Orientierungsinderungen stark 


zurick und betrugen bei 120 em/h weniger als 1°/em 
und sehlieBlich bei 250 em/h nur noch etwa 10°/em 
Noch héhere Geschwindigkeiten lieferten bereits in 
der Mehrzahl der Falle keine Einkristalle. 

Auch bei Zink konnten Ahnliche Orientierungs- 
anderungen gefunden werden: Abb. 2 bringt als 
Beispiel hiezu MeBpunkte, die entlang einer Probe 
alle 3mm aufgenommen wurden. Hier scheinen 
sowohl die hexagonale Achse als auch beide digonalen 


Nebenachsen als bevorzugte Endlagen der Drahtachse 


144 ACTA METALLURGICA, 
177 
30-35, 37 
40, 42-4%8 
4 
4 
18, 
la 
28 X27 
4 
22 26 2% 
54 
10¥ 12 
001 0 a 177 101 
220 
VO! 
4 
238 9° 
212 
A 
015 | 239 
LF = ane 30 40 
001 101 
\ l. Orient gs g utend 
rten Al-Kris ‘ ste graphis rP t 
f 
A 
0 
4 
Zn 
~ 
\ 


ro 
ausgebildet zu werden. Dies bedeutet. da auch im 
Falle des hexagonalen Zink wiederum besonders dicht 
Netzebenen 


eingedreht 


helegte parallel zur Schmelzoberflaiche 


werden (vgl. hiezu auch® fiir Jonen- 


kristalle). 
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Thermodynamic Properties of 
Solid Solutions* 


show Ss 


The detailed 


repeated 


work by Dr 
the 


Herasymenko”? 


anomalies in relative partial molai 
entropy of mixing of cadmium in its solid solution in 
silver, which may be interpreted as repeated tenden- 
cies to ordering. In our own unpublished work on the 
x solid solutions of the ternary systems copper—zine 

gallium and copper-—zinc—germanium we have observed 
This 


work has led us to a reinvestigation of the primary 


anomalies which may be similarly explained 


solid solution of zine in copper, which is now in 


progress It is possible that such anomalies may he 
small in copper-zine alloys and that we have observed, 
in copper—zine—germanium in particular, an intensi- 
The 


has been predicted by a consideration of the idealized 


fication of these effects. form of such anomalies 


tvpes of partial molar entropy curves for binary and 


ternary systems.' 


De partme nt of Me tallurgy. D. W. WAKEMAN 
University of Sheffie ld, B. B 


She ffie ld, England 
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Slip in Germanium* 


The plastic behavior of germanium at elevated 


temperatures was first reported by Gallagher,” and 
more recently Treuting™? has investigated the tensile 
deformation of antimony-doped single-crystal germa- 
nium. Using X-ray techniques to establish the slip 
direction, he encountered some difficulty due to the 


unpredicted action of more than one slip system 


In the present note the results of a metallographic 


THE EDITOR 


slip-trace a alysis has 
110 
11] planes 


were observed too 


investigation are described 
confi med the slip plane and dire ction as 
also on 


ondary slips 


Unpredicted 
and “bands of secondary slip 


A high-resistivity ~60 ohm cm) germanium 
refined 
From 


shaped tensile specimen with cylin 


crystal Was prepared from zone 


pulling technique this dumbbell 


approxim ite ly mm diameter and 


made by careful grinding with 
Before deformation 
P.4™ to 


produc ing at the 


the specimen Wa 


in fast ¢ remove the worked 


treatment same tin 


polished surface suitable for metallographi 


ation. Tensile deformation was carried out 
in an atmosphere of dry, oxygen-free form 


N., 10% H, 


\fter periods of up to an hou 
temperature the specimen surtace remained clean and 
the 


Vie tallo 


all points around the cylin- 


photogenic Orientations were checked 


standard back-reflection Laue technique 
graphic examination at 
drical gage-length was made possible by a special jig 
Four different sets of slip traces were observed when 
Three ot 


these sets were sufficiently well developed over the 


the specimen had been extended only 8° 


whole azimuth range for trace analy ses to be made 


In Fig. |] 


these 


the trace-normal intersections for each of 


sets are superposed on the stereographi 


A 
| 
3 
,8 
yr 
1. NStereographie analvs 
4 
mm long was 
diamona vheel 
ivel Ths 
nig! 


A “band of secondary slip” ( 300). 


projection obtained from a Laue photograph. It is 


seen that they correspond with {111} poles, i.e. the slip 


planes are {111}'s, as stated by previous workers.":) 

One set of slip traces (4) predominated; they could 
be seen clearly over the length of the crystal, and it 
was possible to establish the slip direction as follows: 
viewing around the crystal there were two azimuthal 
positions where the distinctness of the slip lines 
reached a definite minimum. These, of course, were 

Four 
Fig. | 


indicates the estimated accuracy of the measurements. 


positions at right angles to the slip direction. 


determinations were made; the band in 

It is seen that the 110-pole labelled IV falls within 
band. Since there is no other close-packed direction 
in the vicinity, we can safely conclude that this is 
the slip direction. On this basis the maximum resolved 
shear-stress factors for the four {111} planes have been 
computed (Table 1). It is seen that the combination 
A, IV, the system on which slip predominated, was 
the most highly stressed. The frequency of slips on 
the other systems was noticed to be roughly in accord 
However. one would 


with the shear-stress factors. 


not expect any slip on these three at all. Calculation 


after 8°, 


extension the stress axis had not reached the 111-LO00 


shows and observation confirmed that 


symmetry line. “Bands of secondary slip’, Le. 
bands approximately parallel to the primary slip 
plane containing slip on a second system but very few 


This 


suggests that slip on the nonprimary system occurred 


slips on the primary system, were observed, 


from the start of deformation. An example of a band 
of secondary slip is shown in Fig. 2. Slip on all three 


nonprimary systems can be seen in this area. 


Radar Research Establishment. W. BARDSLE) 
Great Malvern, England R. L. BELL 
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THE KINETICS OF GRAIN BOUNDARY NUCLEATED REACTIONS* 
JOHN W. CAHN? 


Rate laws are derived for transformations in which the new phase nucleates on grai1 
grain edges, or grain corners, and in which the new phase grows with constant rai 
dependent and time-independent nucleation rates are treated. At high nucleatio1 
growth rates and grain sizes) the rate law assumes a form independent of the nucl 
half-time of the transformation becomes approximately 0.1 D/G, where D is the grai: 
radial growth velocity, independently of which sites are responsible for nucle: 
rates the rate law approaches that given by randomly distributed nucleation sites. T} 
determine which type of site will produce the most nuclei, and hence determine the fort 


are discussed. 


LA CINETIQUE DES REACTIONS DE GERMINATION AUX FRONTIERES 
INTERGRANULAIRES 
Des lois de vitesse de germination sont établies pour des transformations au cours 
nouvelle phase apparait aux surfaces intergranulaires aux bords et aux coins de grains, 
croit a vitesse radiale constante. On étudiée également les vitesse de germination influencées ou non pal 


le facteur temps. Pour des vitesses de germination élevées (comparativement aux vitesses de crossianc: 


et aux dimensions des grains) la loi est indépendante de la vitesse de germination et la demi-durée de 


transformation est approximativement 0,1 D/G, avee D diamétre du g 
croissance, quelque soient les endroits ot: s’effectue la germination. 

Pour des vitesses de germination faibles, la loi se rapproche de celle valable lors« 
s'effectue a partir de sites distribués au hasard. L’auteur discute encore les con 
les types de sites de nucléation donnant lieu au plus grand nombre de germes, et pal 


loi de la vitesse de croissance. 


DIE KINETIK VON REAKTIONEN MIT KEIMBILDUNG AN DEN KORNGRENZEN 


Fiir Umwandlungen, bei denen die neue Phase an Korngrenzflachen, Kanté oder Fi 


K6érnern entsteht und bei denen die neue Phase mit konstanter Radialgeschwindig 


leitet. Dabei werden 


Gesetzmassigkeiten fiir die Umwandlungsgeschwindigkeit abge 
zeitunabhangige Keimbildungsgeschwindigkeiten behandelt. Bei hohen Keimb 
keiten (im Vergleich zur Wachstumsgeschwindigkeit und der Korngrésse) nimmt 
gsgeschwindigkeit unabl 


der Umwandlungsgeschwindigkeit eine von der Keimbildu 
und die Halbwertszeit der Umwandlung wird—unabhiangig davon, an welchen 
erfolgt—naherungsweise 0,1 D/G, wobie D der Korndurchmesser und G die radial 
digkeit sind. Bei kleinen Wachstumsgeschwindigkeiten nahert sich die Gesetzm: 
lungsgeschwindigkeit derjenigen fiir regellose Verteilung der Keimbildungsst 

die Bedingungen diskutiert, die dafiir massgebend sind, an welcher Art 


meisten Keime entstehen und die somit den Verlauf der Umwandlur 


It has recently been suggested by Clemm and _ (junctions of 4 grains), and will be progressivel 
Fisher™ that the nucleation energy at a junction of as, one considers edges (junctions of 3 
grain boundaries could be less than at a plane boundary surfaces, and the interior of 
boundary, and that these junctions might be favored the purpose of this paper to explore the s 
sites for nucleation. However, there are two factors of Clemm and Fisher, by deriving the rate laws 
opposing this purely energetic consideration. One ated with reactions nucleating at such sites, develop 
factor results from the ease with which these sites can the limits under which a particular site is favored, and 
transform. and might lead to a situation where these examining some of the characteristics of 
sites lie wholly in transformed material at a time early — reaction 
in the reaction and, hence, be no longer available to In a polycrystalline material, nucleation is assumed 
nucleation. The other factor, affecting the nucleation to occur with characteristic frequencies on four types 
rate, is the number of atoms associated with each type _ of sites. We shall designate the homogeneous nuclea- 


ne specil 


of nucleation site. This will be least for corners tion frequency per unit volume as /,, t 


+ 


grain boundary nucleation frequency per unit area as 


* Received November 18, 1955. the specific edge nucleation rr quency pel unit 
+ General Electric Research Laboratory, Schenectady, 


New York. 
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length as J,, the specific corner nucleation frequency 
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per corner as I,. We should also like to define nuclea- 
tion frequencies per unit volume for each type of 
me, BN, 1.8, 


boundary 


L, C are respectively the 
number 
(all per unit volume), then I; N. IS; 
N ie N I The total rate of nucleation 
per unit volume NV N, +N. 

In order to compare expressions containing S, ZL, 
and ( 


mately in terms of a grain diameter. If we assume that 


area, edge length, grain corner 


it will be necessary to express them approxi- 


all grains are equally large tetrakaidecahedra arranged 
so that they fill space [a body-centered-cubic array 
oriented so that the square faces are in (100) planes, 
and hexagonal faces in (111) planes] and call the 
faces D, the 


The number of grains per unit 


distance between then edge 


length will be D/2y/2. 


square 


volume are 2/D*, and 
S = 3.35D-1, 
L 8.5D-2, (1) 
C 12.0D-~. 
While the actual numerical constants in equations 
(1) are to be taken as approximate, the functional 


dependence on PD is assumed to be exact. 
DERIVATION OF THE RATE LAWS 


fall 


‘discontinuous, ”’ 


and growth reactions into two 


The first. 
will be treated in this report. In this class of reactions, 


Nucleation 


broad classes. termed 
the transformation product which nucleates and grows 
has the same average composition as the untrans- 
formed material, and, except for a short distance 
from the advancing interface, the untransformed 
material has the original composition. One can assume 
that, after a time, steady-state conditions are achieved 
in which both the growth rate and the specific 
This 


assumption will be treated first. In the last section we 


nucleation rate are independent of time. 
shall treat the case where, for some reason, steady- 
state conditions are not achieved in the nucleation 
rate during a significant part of the reaction time. 

The other class, to be discussed more fully in a 
the 


product is of a different composition and the untrans- 


subsequent paper, is where transformation 
formed material is gradually changing composition. 
Here the the 
material may be a strong function of time and distance 


the 


nucleation rate in untransformed 


from a growing transformed region, because 
nucleation rate is a strong function of composition. 
In the case of grain boundary nucleated reactions 
(and incidentally, for reactions which nucleate on 
dislocations), the high diffusivity in a boundary could 


be expected to affect further nucleation drastically 
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for considerable distance from a growing particle. 
Johnson and Mehl) derived the rate law for grain 

boundary nucleation by assuming that the trans- 

orain 
this 


assumption in detail. At high nucleation rates many 


formation product could not grow across 


boundaries. It will be necessary to examine 
nuclei per grain will form and the reaction will be 
substantially complete when Gt is of the order of the 
grain diameter. At low nucleation rates the reaction is 
far from complete at that time. If one assumes that 


the transformation cannot 
the 


equal to the fraction of the grains in which a nucleus 


product oTOW across 


boundaries, then fraction transformed will be 
has formed, with a correction for that fraction of the 
untransformed volume which is in grains which are in 
the process of transforming. This correction becomes 
a constant fraction of the untransformed volume at 
time greater than the time it takes a nucleus starting 
at t > D/G. 


(This is true whether the nucleation rate is high or low, 


at time 0 to consume its grain, that is, 
except that when it is high, at ¢ D/G the reaction is 
close to completion.) Indeed, Johnson and Mehl’s 
analysis at t > D/G reduces to 
X = (1 + 

where K is the constant* which denotes the fraction of 
the untransformed material which is in grains in the 
process of transforming. One predicts, therefore, that 
where grain boundaries are not crossed by the growing 
transformed material, and where K is small, a plot of 
log log (1/1 
slope unity whenever ¢ 


x) vs. log t would rapidly approach 
DIG. 

An alternate assumption, and one which will be 
treated here, is that grain boundaries offer no resistance 
to a growing nodule. It is believed that this assump- 
tion is a better approximation to the true situation. 
Wherever grain boundaries stop a nodule, nucleation 
on the other side appears to be greatly enhanced, and 
this should be 


situation better approximated as 


é y2y (x, y) dy dx 


l 
etabry?w(ax, y) dy az] when Gt > D, 


; rand y are dummy variables; 
8G 


“| exp 


log y (] y) log 


log 


K is a function of 6 only. For small 6, K is proportional to b. 


4 
* *] 
K || (1 — x)? dx 
3 
l 4)" 
and w Y 
] x 
+ (1 
l 
l — | 
4 
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continued growth and not as the relatively rare 
phenomenon of original nucleation. 

In the study of pearlite, for instance, where the 
parameter 6 is small, a plot of log log (1/1 r) Vs 
log time usually results in a slope of 4 or more, which 
is the slope one would expect from randomly distri- 
buted nodules growing with no restriction to their 
final size except impingement with one another. 
The occurrence of a slope of more than 4 appears to be 
due to transient effects in nucleation. 

The derivation of the rate laws center around the 
problem of impingement. The newly formed grain is 
assumed to grow at constant radial velocity until it 
impinges on another growing grain. It then stops 
growing along the area of contact. It will be convenient 
to use a device used by Avrami,® and Johnson and 
Mehl called extended volume fraction X,. This is the 
sum of the volumes of all grains, divided by the total 
volume, assuming that the grains never stop growing 
and that new grains keep nucleating at the same rate 
material. 


as well as untransformed 


in transformed 


X, can exceed unity. If nucleation is randomly 


distributed, then the actual volume fraction X is 


rigorously given by 
X 


It will be necessary to define an extended area 
fraction and an extended line fraction. The extended 
area fraction Y, is the sum of all areas of intersection 
of the extended grains with a plane divided by the 
total area of the plane. If these 


randomly distributed on the plane, the actual area 


intersections are 


fraction 


The extended line fraction Z, is the sum of all lengths 
of a line intercepted by extended grains divided by the 
length of the line. If these interceptions are randomly 


distributed on the line, the actual line fraction 
Z 


It will be assumed that only one kind of site is 
active in nucleating. The case where more than one 
type of site is important will be discussed later. 

For the case of grain boundary and grain edge 
nucleated reactions, two types of impingement will be 
treated separately. The first type is impingement 
among nodules originating from the same plane or 
edge. For example, if this occurs early in the reaction, 


the individual nodules would cease growing parallel to 


the plane or edge, further growth only occurring 
perpendicular to the edge or plane. An expression is 


derived for the total volume of the nodules originating 
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from a plane Ol edge. assuming that these are only 
impinging with nodules originating from the same 


plane or edges. One next considers a random distri- 


bution of planes or edges each giving rise to a certai! 


transformed volume. and considers impingement 


among these volumes 
For the case of corner nucleation, it is just assumed 


that the corners are randomly distributed. and 


limited in number 


Grain Boundary Nucleation 


Consider a plane boundary f infinite 


having a specific nucleation rate J Considet 
arbitrary plane A parallel to B at a distance y fro 
A nodule starting to grow at B at time + with o 
rate G will have a circular intersection with 


radius at time ¢ is 


0) 


The extended area fraction due to all nodules St irting 
dr Ls 


at a time between 7t and 7 


dY, = al. dri G2(t 


Since these circular intersections will 


distributed on A 
4 
The volume occupied by nodules originating 


unit area of B is then 


The extended volume fraction due to a boundary 


S per unit volume 


where 


A 
1956 Y,=| dY, =a, | Gt — 7)? — y2] dr 
Letting «x ylGt 
al Gt r) | 
0 
Vo 2| 
2G | 
X SV, ( f(a 
/ A 
2 
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and if this boundary area is assumed randomly 


distributed in the specimen 


X = 1 — f.(a,)] 


f(a.) was evaluated numerically, using Simpson’s 


rule. 


Grain Edge Nucleation 

Consider a straight-line edge F of infinite extent 
having a specific nucleation rate /,. Consider an 
arbitrary line F parallel to £ at 
nodule starting to grow at time 7 from £ will intercept 


on F a length 


a distance A 


T)* when Git 


() Git 


The extended length fraction at time ¢ due to nodules 


starting at a time between 7 and 7 + dr is 


dZ yA dr |G? (t - +)? 


Integrating with respect to ¢ and substituting x for 


r/Gt. we get 
Z,=1G#\vV1- 


The volume occupied by nodules originating from a 


unit length of £ is 


dr 
Randomly distributing an edge length Z in a unit 


volume will give 


exp [—b,—'f.(a,)] 


f (a,) was evaluated, using Simpson’s rule. 


Corner Nucleation 

Here there is no problem about impingement 
between the 
The first nucleus is the only one which will determine 


nodules starting from same corner. 


how much volume will contribute to the extended 
volume. If the specific nucleation rate per corner is /,, 


then the fraction of corners nucleating for the first 
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dt. The 


therefore 


dt is ¢ 
time ¢ is 


time at a time between ¢ and ¢ + 


extended volume fraction at 


( G3(t tT)? exp (—I,7) dr 


where 


and 


» 


f(a.) = — 3a,2 + 6a, — 6 (1 — e~*), 


which is the same as the expression derived and 
tabulated by Avrami for a limited number of randomly 
distributed nucleation sites.“’ The three functions 


f(a) are tabulated in Table 1. 


DISCUSSION 


It will be noticed that all of the above rate laws can 


be plotted as log log (1/1 X) vs. log t to give 


» 


characteristic master curves, Figs. 1-3, in which two 
parameters are undetermined as additive scale factors. 
Thus, instead of a family of curves obtained by 
Johnson and Mehl, a single curve is obtained. The 
parameters of Johnson and Mehl are related to the 
parameters a and + in the following way: The 6’s are 
equivalent to Johnson and Mehl’s shape factor /, in 
that they can both be expressed as NV D4/G times a 
geometrical constant. The as are respectively 


proportional to b1/3Z, bh} 2Z, and 


slope 4 when a is small and approach the equation 


All curves have 


¥ 


which is identical with that obtained for randomly 


placed nucleation sites. In the vicinity of a 1, the 
curves change slope. This change of slope is due to a 
process which we shall call site saturation. In the case 
of corner nucleation it occurs because there are only a 
limited the 
boundary and edge nucleation it occurs because the 


number of corners. In case of grain 
nucleation sites are not randomly distributed, but 
are in the vicinity of other nucleation sites. Hence, 
they have a greater probability of being transformed. 
Therefore, the fraction of boundary area or edge 
length transformed is larger than the volume fraction 


transformed, and the nucleation rate which is pro- 


portional to the untransformed area or length drops 


off faster than the untransformed volume. In the 
limit of a 1, nucleation is so small compared to the 


untransformed volume fraction that the curves can be 
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(3) 
and b.*f.(a,) (6) 
X = 1 — 
—/t 
m 
G G 
— >, 

0 Git T) r. 
v* log L, A 

0 

where 
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approximated by ones derived on the assumption 100 
that all nucleation occurred everywhere at time zero. 
For small values of the parameter b, the increase in 
probability for a boundary to be transformed com- 
pared to the rest of the material is small and the site 
saturation will not occur until the sample is almost 
completely transformed. It will occur early in the 
reaction if 6 is large. Substituting the approximate 
values of S, L, and C into the expressions for , we get 


9.9 10 


N_D! 
3 : 
G 


0:001 
0-1 1 


2. Master curve for transformatio 
on grain edges, 


which is independent of grain size 
At very large values of 6 the sites would saturate 


very early in the reaction, and further nucleation 


would cease. For a grain boundary nucleated reaction 
the transformed region would occupy an ever 


thickening slab of material with the original boundary 


at its center. The rate law would then be of the form 


X 


which is what equation (3) approaches 


one would expect that for edge-nucleated 


0-001 
0-1 


100 X | 


Fic. 1. Master curve for transformations which nucleat« which is the limit of equation 


on grain boundary surfaces 


The requirement that site saturation occurs early in 10° 
the reaction can be obtained from the Figs. 1-3 by 105 
finding a value of 6 for which the reaction would bend 

in the vicinity of half reaction. From this, one gets 

that whenever 


N. 6 103 G/ D4. 


N, > 103 G/D4, 


N. > 102 G/ D4 


site saturation can be expected to occur early in the 
reaction. 
The time at which saturation occurs is 


100 1000 
(IG?) 3 
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1 10 100 1000 


(2) 


Theoretical curves for half-times of transformations 


Fic. 4. 
which nucleate on grain boundary surfaces. 

This Paper 

Johnson and Mehl 


For corner nucleation equation (6) becomes 


X 


which is what one expects for a limited number of 


sites which nucleate at an early time. 


The range from 1°, reaction to 99°, reaction is 


quite short. only a factor of 500 on the log (1/1 — 2) 


scale. or 2.7 cycles on the log log (1/1 x) seale. 


Since this is the limit of observation, most kinetic 


observations will be entirely in the straight-line 
Saturation will usually occur 
till after 99°, 


Only in those reactions where parameter b is such that 


extremes of Figs 1-3. 


before 1°, reaction, or not reaction. 


the inequalities (7) are close to being equalities, will 


1000; 


1 
lL 
(F 


Fic. 5 Theoretical curve for half-times of transformations 


which nucleate on grain edges. 
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the transition to saturation be observable. Even then, 
especially for corner nucleation, the kinetic data will 
not curve much in the observed range, but will appear 


to give a fairly straight line of intermediate slope. 


The Half-time of a Reaction and Its Dependence on 
Grain Siz 

The time required for a reaction to reach a certain 
stage of completion is a convenient parameter for 
cataloging the speed of a reaction. The relationships 
involving the half-time will be discussed here, but 
they can be generalized to the time for any fraction 
completion by substituting for In 2, In (1/1 X), 
where X is the desired fraction. 


Substituting 0.5 for XY, and a’ a(t, jo), Where ty) is 


1000 


10 100 


Gt,» 


G 


Fic. 6 Theoretical curve for half-times of transiormations 
which nucleate on grain corners. 


the half-time, into equations (3), (5), and (6), we get 


upon rearrangement 


These equations may be used to find the relationship 
between the /’s, G, D, and t,),, for the various types of 
nucleation sites. 

Of particular interest is the relationship between 
t,,. and grain size, keeping the J’s and G fixed 
(constant temperature). 

Substituting the 


approximate expressions for 


£54 ‘CTA 
1000 
| 
onl | 
lOO} 
| 4 
@) 
& 
4} | 
O-1} - pe + 
0:01! 
| 
100;-— i 
| 
7 
=) 
x 
| | JO! 
| | 4 
0-1 | 
100} , 4 4 — 
In 2 
10} - - — x f(a’,) 
NA In 2 
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into the b’s and rearranging. we obtain 


9.7 f.(a.”), 


8.8[ f(a, 


f.(a,’)}! 


a plot of a, against 9.7 f(a); a, against 8.8 fe(a,)}"/*; 
or a, against 4.18 is a plot of D against Gt, ,,, 
for the various types of nucleation, with D and Gt,,, 
plotted in the same units and G/J to the appropriate 
power as the scale factor. This is plotted in Figs. 4-6 
The scale factor is now an 
the 
constant, the only permissible translation for the 


on a double log plot. 


additive constant. Since it is same additive 


master curves, if 7G is unknown, is along a 45° line. 
Also, points having a certain value of (Gt,,,/D) are 
constrained to lie on a certain 45° line. A (Gt,,,/D) 
axis is therefore indicated. 

Figs. 4-6 


between Gt, ,., D, and //G, or any of their combinations, 


can be used to obtain relationships 
if the type of site responsible for nucleation is known. 
A knowledge of the parameter } for example is 
sufficient to determine the value of Gt,,./D and the 
parameter a’. An experimentally determined relation- 
ship among these parameters can be used to determine 
For 


comparison, the curve obtained from Johnson and 


what type of site is responsible for nucleation. 
Mehl’s equations is also plotted (Fig. 4—dotted curve). 
The agreement is very good along the upper portion 
(+4°,). However, one sees immediately that 
consequence of the that the 


formation product cannot cross a grain boundary is 


one 
assumption trans- 
that, at small enough grain size, the reaction rate 
decreases as the grain size decreases. This is apparent 
if one considers the consequences of that assumption. 
At sufficiently small grain size the time for half- 
reaction will be that required for half of the grains to 
at the 
available for each grain to receive a nucleus decreases 
the of the 


obtain least one nucleus. However, area 


as its diameter, and half-time 


square 


BOUNDARY 


NUCLEATED LACTIONS 


should increase with the inverse diameter squared.’ 


At sufficiently large grain diameter, the grains have no 


trouble nucleating and the half time is the tim 


required for the orowlng transformation product to 


consume half of its grain, which varies direct], he 


diamete1 


The following conclusions can be drawt 


curves: (1) If, and only if. site ut 


Gt 


uratl1ol 
O.1D. Thi 
sponds to the upper portion of the curves 


is approximately equal to 
independent of the type of nucleating site 
never be appreciably less than 0.1.D/G fox 
nucleation 
ot 


values of the parameter, } 


where occurs only boundari 
At 
ND#*/G 
(NGS 1/4 


tion product can cross boundaries 


intersections boundaries 3 sufficient 
halt 
if the ti 
This is 
result one would expect for homogeneous nu 
Since the J/’s are indepe ndent of grai 


stitution into (NG?*)-l/4 


given approximately by 


leads To the result 


proportional to the D!*4 for boundary 
for corner nucl 


and 


for surface nucleation 
D! for 


geneous nucleation. 


ition 


as well as site satul for homo- 


ation 


Rat Ss if More 
Whenever 
the 


Than One Type 


more than one site 1s 


type ol 


impingement problem considerably 
complicated. Certain limits can be discussed, howey 
Until one type of site begins to saturate, the rate | 


can be approximated by 


where 


Because 


is the sum of all the A 
ol 
saturate, the edges and corners saturat 
ol 


saturate, the corners saturate tov 


the when 


geometry 


their specific nucleation rate 


can continue to nucleate 
both edges and boundaries « 


The ot 


nucleation 


saturation 


on sites lower dimensional! 


will similarly deper 
For conveni« 
as being 


site 


homoge neous 1 


and what follovy 
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What occurs when a site saturates depends therefore 


on the type of site as well as the relative values of 


the N’s. 


N is the largest. From the inequalities (7) one can see 


The important site initially is the one whose 


that only sites of lower dimension than this site can 


saturate at an earlier time. If they do, they cease 


nucleating. and their effect on the rate law is one of 


changing V in equation (9) to a lower value. When the 
the 


saturates, the rate law is approximated by adding the 


type of site with largest contribution to 
extended volumes of sites, of higher dimensionality 
only, to the extended volume of the site whose N is 
largest. If the N’s are much smaller, these sites will 
never contribute much. If they are of comparable 
the 


dominated by the new mode. The final stage will be 


magnitude, reaction rate will eventually be 
dominated by the mode of highest dimensionality 
where the inequalities (7) hold. 

The half-time will be of the orderof 0.1 D/G whenever 
If none 


one or more types of sites saturate early. 
saturate, it will be given approximately by (NG?) 
Therefore the half-time will depend on grain size in 
a way characteristic of the mode which contributes 
most to the volume nucleation. 


NUCLEATION RATES 


It was noted in the last section that it is necessary 
the 


rates for the various types of sites in order to determine 


to know something about relative nucleation 


which rate law the system will follow. It is also 


necessary to know something about the nucleation 
rate relative to G/D* in order to determine whether a 
site will saturate. 

We will assume that the specific nucleation rates 


are given by equations of the form 


(AF* +AF, 

vp exp (10) 
k7 

where vy is a frequency factor, p the density of sites, 

AF* is the minimum free energy required to form a 

nucleus, and AF, is the free energy of activation 

If d is an effective 


grain boundary thickness and x the number of atoms 


for a nucleus to continue to grow. 


per unit volume, p approximately equals n(6/D)% 
y and AF , can be assumed to be the same for all sites. 
then 


The volume nucleation rate for each site is 


approximately 


(11) 


exp 


vn | D kT 


where j is the dimensionality of the site. This can be 


assumed to include homogeneous nucleation, although 


1956 


| 


=x 


Grain boundary nucleation 
Grain edge nucleation 
-_— — Grain corner nucleation 
Relative 


nucleation energies. 
AF, could be expected to differ from that of the other 
types of sites. 

The 
dependent on the assumption one has to make to 
calculate AF*. 


ships obtained, we shall use the calculations of Clemm 


calculation of nucleation rate is critically 


However, to illustrate the relation- 


and Fisher,“ who assumed no strain energy, and a 
surface energy which was independent of orientation 
One can express their value of 
A. AF,*, where AF,* is the homo- 
the 


which is a function of the ratio K of boundary energy 


and curvature. 
AF.* as AF.* 
geneous nucleation and 


energy parameter A 


to nucleus surface energy only. Fig. 7 is a plot of 
A. versus this ratio. It will be noted that A decreases 
monotonically as one goes to nucleation sites of 
The 


equation (11) favors sites of lower dimensionality. 


lower dimensionality. exponential term in 
The degree to which this occurs is a function of AF',)* 
as well as the differences in the A’s for the various sites. 

Opposing the energy consideration is the density of 
sites effect, which is (6/D)*/, and which favors sites 
The of these two 


of higher dimensionality. ratio 


opposing factors 
log D 0 
AF,*/kT 


is a useful function. Forming the ratio of nucleation 


rates on sites of dimensionality i and j, we get that 


(A, — A,) AF,* 


(D/éd)' 
kT 


exp 
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Fig. 8 is not a plot of nucleation rates. It will be 
useful to sketch in several constant nucleation rate 
curves. If we assume vn exp | AF ,)/(kT) 1939 
sec—!, D em, em, we can obtain 
four curves (Fig. 9). The lowest figure is that for 


N 1 em~* sec!, which can be taken as a lower limit 


Homogeneous 


poail of nucleation rate, the next three curves are those 
Boundary which obey the inequalities (7). The curves for 


saturation of sites of higher dimensionalities are 
continued into regions of lower dimensionality, since 
after saturation of the lower site, the higher sites wil! 
continue to nucleate and will saturate too if R is 
large enough. From Fig. 9 it is apparent that under 
certain conditions one might never see nucleation of 
sites of lower dimensionality, because the wunder- 
cooling required to get appreciable nucleation might 
place the reaction at a value of R where a higher mode 
Corner of nucleation predominates. 


In order to estimate what to expect as a function o 


undercooling, let us express AF,* in terms of : 
reduced temperature. (4 T/T... where 7 is the 
I eq 
Fic. 8. Regions showing which type of site has equilibrium temperature. AF’,* is then approximately 
the highest initial nucleation rate. 


* 
and > (AP ET. 
AF, where AH is the heat of the reaction, and 
The requirement that N, is greater than N, is then "ucleus surface energy. Then 


that 3(AH)* kT... log D/d 
(2 A d R 


and the maximum FR 


If an interval of R can be found where these 
inequalities hold for all j, then in this interval, sites ) 
will contribute most to the nucleation rate. For the 
A’s determined from Fisher and Clemm, the sites 
which will have the highest nucleation rate are 

the corners when R< A,—A 

the edges when A. A,< R 

the boundaries when 4, A. R l A, 

and homogeneous nucleation will predominate when 
R l A.. Fig. 8isa plot of these regions. 

It is quite conceivable that in an actual system 
some sites will exist which will never contribute 
significantly to N. If, for example, 

A, 


» 
Fie. 9 Typical example 


edge nucleation would never predominate, and the detectable nucleation 1; 
corner saturation 2 


area marked edge in Fig. 8 would be absent. leeicaditiiin oi 
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R rises initially as the undercooling squared reaches 

+R ax at 
is small for certain values of A, only modes of lower 


=, and has a very long plateau. If R,,,. 


dimensionality will ever predominate. If R,,,, is large, 
R in the regions of interest in Figs. 8 and 9 can be 


taken as proportional to undercooling squared. 


MORE GENERAL RATE LAWS 

For the pearlite reaction it has been established 
that the nucleation rate is not constant, but a function 
6) This may be due to the fact that it takes 


a finite time to establish a steady-state nucleation 


of time. 


rate,‘” or as in the case of eutectoids it might be due 
to the fact that two phases have to be nucleated, the 
second nucleating in the changing environment of the 
first itself, or 
increasing surface of the first.®? 

Hull, Colton, and Mehl'® have derived the rate law 
the 


growing by nucleating on an ever- 


for homogeneous nucleation, when nucleation 


rate can be expressed as a power series of time. 


It is fairly simple to generalize the derivations of 


the rate laws given here to include a time-dependent 


nucleation rate J as well as the prior existence of 


nuclei, which instantaneously start growing at 


time 0. Let us call the number of such nuclei per 
unit area of boundaries J,, per unit length of edges J/,, 
and the fraction of corners which have these nuclei 
J,.. Then as before we will assume that only one type 
of site is active. 

The derivations lead to 


exp | exp | 
2 V 


( 


9 


for grain boundary nucleation; 


exp | 2G 
for edge nucleation: and 
exp 


| J | | J 


20 


exp | [7 it) ae} (14) 


t 


for corner nucleation. 
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Similarly, one can derive an expression for homo- 
geneous nucleation, using J, for the number of nuclei 


present at time zero. This leads to 


X, — exp | 


At high nucleation rates and long times, equation (12) 


reduces to 
X 


and equation (13) reduces to 


Since 


exp I. dt 
at high nucleation rate and long times, equation (14) 


reduces to 
xX 


These limits are identical with those previously 


derived for constant nucleation rate. Site saturation 
exists and leads to a rate law which is independent of 
the nucleation rate, whether constant or not. 

At the other extreme, far from saturation, equations 
(12), (13), and (14) reduce to equation (15). This is 
accomplished by expanding the exponentials in the 
integrand into a power series and interchanging the 
order of integration. 

Far from saturation, then, the nucleation rate does 
not enter as an average as has often been assumed, 
but as a third moment about the time ¢. In other 
words, the nuclei are weighted according to the cube 
of the length of time they have been in existence. 

The determination of the nucleation rate from a 
rate law is therefore a very complicated problem. 
Even for equation (15), which has a simple solution 
mathematically, 

0 log (1 X) 


ot! 
it is unlikely that kinetic data can be obtained with 
this 
If the nucleation rate follows an expression of the 


sufficient accuracy to make solution useful. 
type 


I, = By 


it is possible to integrate equations (12-15). 
log log (1 | - x) 
those of Figs. 1- 


A pl rt of 


against log t would be similar to 


3, except that the initial part of the 


= 
X =1 
| _ 
2] acl) ae (1? 
a = dx} | (12) 
y 
1/2 
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curve would have slope 4 +». The parameters a and where A BS, B.L, or B ! vely for grain 


b would become of the form boundary. edge. or corner nucleation. The de pendence 


a. . of t, on grain size fai 
7D 


where ) is the dimensionalit 
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THE SURFACE TENSIONS OF LIQUID-METAL SOLUTIONS* 
J. W. TAYLORT 


Two analytical methods are presented for the calculation of the surface tensions of binary liquid-alloy 
mixtures. Calculated surface tension-composition relationships are compared with the corresponding 
experimental values for ten binary systems. 

For six simple eutectic systems the agreement is good. Three systems, showing intermediate phase 
formation in the solid state, exhibited considerable discrepancies between the calculated and experi- 
mental relationships. It is suggested that in these systems the surface has not the simple monolayer 
structure assumed in the analysis. In one system of peritectic form, the agreement was intermediate 
between the above two extremes. 

It was not found possible to invert the analysis to calculate activity-composition relationships from 


surface tension data, although this is theoretically possible. 


LES TENSIONS SUPERFICIELLES DE SOLUTION DE METAUX LIQUIDES 

Deux méthodes analytiques sont présentées pour calculer des tensions superficielles dans les mélanges 
liquides d’alliages binaires. 

Les relations entre les tensions superficielles caleulées et la composition sont comparées avec les 
valeurs expérimentales correspondantes pour 10 systémes binaires. Pour six systémes eutectiques 
simples, l'accord est bon. 

Trois systemes montrant la formation de phases intermédiaires a létat solide, présentent une diver- 
gence considérable entre les valeurs calculées et les valeurs expérimentales. I] est suggéré que dans ces 
systeémes la surface n'a pas la simple structure de monocouche supposée dans lanalyse. Dans un 
systeme de forme péritectique, l’accord est intermédiaire entre les deux extrémes cités ci-dessus. I] n’a 
pas été possible d’appliquer cette analyse au calcul des relations activité—composition a partir des 


tensions superficielles, bien que ce soit théoriquement possible. 


DIE OBERFLACHENSPANNUNG VON LOSUNGEN FLUSSIGER METALLE 

Zur Berechnung der Oberflachenspannungen binarer Legierungsschmelzen werden zwei analytische 
Verfahren angegeben. Fiir zehn binaére Systeme werden dann die berechneten Beziehungen zwischen 
Oberflachenspannung und Zusammensetzung mit den entsprechenden experimentellen Werten 
verglichen. 

Bei sechs einfachen eutektischen Systemen ist die Ubereinstimmung gut. Dagegen zeigten sich bei 
drei Systemen, die im festen Zustand intermediare Phasen bilden, betrachtliche Diskrepanzen zwischen 
den berechneten und den experimentell ermittelten Beziehungen. Es ist zu vermuten, dass in diesen 
Svstemen die Oberfiache nicht die der Berechnung zugrunde gelegte einfache Struktur einer monoato- 
maren Schicht hat. Bei einem System mit Peritektikum lag die Ubereinstimmung in der Mitte zwischen 
den beiden oben genannten Extremfallen. 

Obwohl dies theoretisch moéglich ist, ist es nicht gelungen, in umgekehrter Richtung aus den Daten 
iiber die Oberflachenspannung Beziehungen zwischen Aktivitat und Zusammensetzung zu berechnen. 


1. INTRODUCTION alloys from that predicted from a rule-of-mixture 

Experimental surface tension-composition relation- consideration of the alloy composition. On this basis, 
ships exist for a number of binary liquid alloys,” but he concluded that systems with and without inter- 
no satisfactory interpretation of such relationships, in mediate phase formation in the solid state differ in the 
terms of other physical parameters of the systems, has order of magnitude of the deviations of the experi- 
so far been proposed. Little is known also about the mental surface tensions from those derived from the 
nature of the liquid surface and the effect which rule-of-mixture assumption. This treatment can only 
variations in interatomic forces, as for example on be regarded as over-simplified, ignoring as it does 


alloying, may have on this surface structure. The only surface adsorption and activity considerations. 


serlous attempt so far made to correlate surface In this paper a more rigorous treatment of the 


tension-composition relationships and alloying be- problem is made, using as a basis the theoretical 
haviour was bv Pelzel.’2) who determined the treatments of Schuchowitzky™ and Guggenheim.” 


deviation of the experimental surface tensions of 
2. THEORETICAL ANALYSIS 


* Received November 29, 1955. | ; From a consideration of the total and free energies 
+ Metallurgy Division, Atomic Energy Research Establish- 
ment, Harwell], Berks, England. 
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of a surface, defined as a monolayer at the boundary 


= 


TAYLOR: 


bulk solution and the gas 


the 


Schuchowitzky® derived the general expression for 


between phase, 


the surface tension of a solution: 
o = — (1) 


the 
number of moles of component i per unit area, /, 


where o surface tension of solution, n; 
chemical potential of component i in the surface layer 


in the sense defined by Butler,© and yu; = chemical 
potential of component i in the bulk solution. 

He has simplified expression (1) in the case of a 
binary solution by applying the standard relationship 
between chemical potential of a component in the 
bulk phase and its activity and by assuming that a 
corresponding relationship exists for the component in 
the surface layer. Furthermore, he assumed that the 


area per molecule of component in the surface layer of 


the solution is equal to that in the pure component; the 
pure components are taken as standard states in 
relation to the thermodynamic activities. Thus, the 
final relationships derived by Schuchowitzky for the 


surface tension of a binary solution are: 


Oo Noy RT b, ay 2) 
and 


= +N, RT Inb,/a, (3) 


where o surface tension, np 


moles in the surface layer, 7’ = absolute temperature, 
b = activity of the component in the surface layer, 
a = activity of the component in the bulk solution. 


Subscripts 1 and 2 


refer to the components of the 
binary system. 
The relationship between the activities in the 


surface layer and in the bulk solution is given as: 


b,/by’= a,/a,” exp — RT) 


where 4 = displacement coefficient = A,/A,, where 
A = molar surface area of the component. 
Guggenheim’s statistical-mechanical treatment has 
been presented in detail elsewhere.*") It involves 
the setting up of a grand partition coefficient for the 
surface, which is again defined as a monolayer at the 
The of the 


liquid is related to the partition coefficient thus: 


liquid-vapor interface. surface tension 


oA 


where o surface tension, A surface area, 


Boltzmann constant, 7’ = absolute temperature, 
grand partition coefficient for the surface. 

On the basis of a quasi-crystalline model for the 
structure of a liquid, the partition function for the 
surface of a binary solution is derived for the general 


case, and is subsequently evaluated for regular 


LIQUID-METAL 


specific number of 


SOLUTIONS 161] 


The 


expression for the surface tension of such a binary 


solutions, as defined by Guggenheim final 


solution is given as: 


exp (oa/—kT) x) exp 


exp (ma*w kT) v exp 


kT 
6) 


exp | 


where o surface tension, @ average area pel 


molecule in the surface layer, | 3oltzmann 


stant, 7’ 


COon- 
absolute temperature, 1 mole fraction of 


) 


component a, ™m fraction of the co-ordination 


number corresponding to the number of bonds between 
the surface layer and the layer below, w = interchang: 


energy of a bond between components li and 2 
Subscripts l and 2 refer to the components of the 


binary solution. 


3. EVALUATION OF THEORETICAL 
TREATMENTS 


In applying the first theoretical analysis,expressions 


(4) and (2) or (3 In addition, it 


assumed that 


(b, by ) and b, 


and a,, so 


established by 


were employed. was 
the functional relationship between 
was the same as that between 


that from a knowledge of the latter. 


independent experimental study 
\_ppropriate values of b, could be deduced Initially 
it was also assumed that the displacement coemncient 
} A,/A, was independent of composition, i.e. that 
there was a linea relationship between specific volum« 
and composition. The following specimen calculation 
for the Bi-Sn system illustrates the type of calculat 


employed: 


Temperature T 608° Kk 


Surface tension of Bi 371 dynes/em. 
Surface tension of Sn 560 dynes/em 

Molar surface area 

Molar surface area of Sn 

Coefficient of displacement 16 

The activity-composition data was that from Seltz 
and Dunkerley.“ 


—— 
RT 
h 
eX] 
b. R1 
5) 
exp | 13.30 
ny RI 


@ 


4 


Ratio (98) 


5 
Bismuth activity ( 


1. Relationshiy 


The functional relationship between (a,;/as,,”) and a, 


on 
is shown in Fig. 1, using two scales, one for ay, 


and one for dp, = 0.8-0.975; 


sition relationships are also shown. 
(i) For composition 
Nz 0.796, 


ap, = 0.804 and a,,/as 4.40 (from Fig. 1). 


From (4!) by;/bs, 4.40 x 13.30 = 58.50. 


From Fig. 1, b; 0.98. 


Substituting the appropriate values in expression (2!) 


37] 8.315 107 608 0.98 


= n 
6.95 Los O.S04 


386 dynes/cm. 


In evaluating the surface tensions of regular 


solutions from expression (6), a value of m - 1 
used, this being the value appropriate to a close-packed 


was 


structure, while a was taken as the average molecular 
area at any composition based on the values for the 
two pure components; w, the interchange energy, was 
calculated from the heat of mixing data for the alloy 


in question. 


4. COMPARISON OF THEORETICAL AND 
EXPERIMENTAL RELATIONSHIPS 
The following binary alloy systems were used in 
comparing the experimental surface tension-compo- 
sition relationships with those obtained from the two 
methods of analysis, viz. Bi-Sn, Bi-Pb, Pb-Sn, Pb-Sb, 


Cd-Sn, Al-Zn, Al-Mg, Sb-Zn, and Cd-Sb. The first six 


0-0.9 


the activity-compo- 


1956 


500} 


dynes/cm 


0:25 O50 O75 Sn 


Composition —> 


Surface tension — 
h 


Sn 
Composition (Ns,) 


Surface tension-composition relationships for 
Bi-Sn system. 


of these systems are of simple eutectic type, while the 
remaining four form stable intermediate phases in the 
solid state. 

The 
relationships are those reported as follows: 
Bi-Pb by Pb-Sn by 
Cd-Sn by Kuznetsov et al.;2® Sn-Zn, Al-Zn, and 
Al-Mg by Pelzel, Sb-Zn, Cd-Sb, and Pb-Sb by 


Matuyama,” and Pb-Sb and Cd-Sb by Greenaway.) 


experimental surface tension-composition 
Bi-Sn and 


Sauerwald,‘®) Bircumshaw,'?) 


The corresponding thermodynamic data employed were 


dynes/cm 


yu 

fo) 


0:50 070 


0-25 
Composition (Np, ) 


12) 


Surface tension — 


0-50 0-75 
Composition (Np,) 


3. Surface tension-composition relationships for 
Bi-Pb system. 
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025 050 O75 Al 
Composition (Na)) 


Surface tension-composition relationships 
Al-Mg system. 


@ 

oO 
1 


0-25 050 O75 Sb 
Composition 


050 0-75 Sb 
Composition 


. 10. Surface tension-composition relationships for 
Zn-Sb system. 


those reported by Seltz and Dunkerley for Bi-Sn, by 
Seltz“®) for Bi-Pb, Cd-Sb, and Sb-Zn, by Jellinek and 
Wannow"™ for Cd-Zn and Sn-Zn, by Seltz and 
DeWitt") for Pb-Sb, by Schneider and Stoll for 
Al-Zn@® and for Al-Mg.4” 

The experimental relationships are compared with 
the corresponding ones calculated by equations (2) and 
(4) in Figs. 2 to 11. Included in each figure is the 
relationship between Ac and composition, where Ao 
is the difference between the experimental and cal- 
lated surface tensions. Relationships at two different 
temperatures are given in the case of the Al-Zn and 
Al-Mg systems, Figs. 8(a) and 8(b), and 9(a) and 9(b), 
respectively, while in the case of the Cd-Sb system the 
experimental relationships obtained by two separate 
studies, i.e. by Matuyama™ and Greenaway," are 
given for comparison, Fig. Il(a) and_ 11(b), 
respectively. 

The surface tension values, calculated by expression 
(6) for regular solutions, are presented in Table 1; the 
corresponding experimental values and those obtained 
from expressions (2) and (4) are included for ease of 


comparison. 


dynes/cm 


025 050 O75 Cd 025 050 O75 Cd 
Composition (Neg) —> Composition (Neg) ——> 


o 

oO 
T 


dynes/cm 


(a) (b) 
(Greenaway) (Matuyama) 


Surface tension —+ 


Sb O25 O50 075 Cd 025 O50 O75 Cd 
Composition ——> Composition (Nog) —> 


Fic. 11. Surface tension-composition relationships for 
Sb-Cd system. 
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TABLE 1. Comparison of calculated and experimental 


relationships for regular solutions 


Surtace tension 


(dynes/em) 


Composition 


System (at. 


Equa- 
Equa- tions 


(15) 


Expe rl 
tion 


(24) 


mental 


3i-Sn 
(608°K) 


100 Bi 

79.6 Bi 20.4 Sn 

44.0 Bi 56.0 Sn 

9.1 Bi 90.9 Si 
100 Sn 


100 Bi 
48.4 Bi 
29.9 Bi 
10.0 Bi 


Bi-Pb - 

(700°K) 51.6 Pb 
70.1 Pb 
90.0 Pb 
100 PI 


Pb 


Pb 96.3 Sn 
LOO Sn 


Al-Zn 
(1073°K) 10 Zn 
30 Zn 
50 Zn 
60 Zn 
70 Zn 
75 Zn 
89.7 Zn 
100 Zn 


10.3 Al 


100 Cd 
82.4 Cd 
72.0 Cd 
61.4 Cd 
53.2 Cd 46.8 SI 
48.0 Cd 52.0 Sb 
42.7 Cd 57.3 Sb 


100 Sb 


Cd-Sb 
(753°K) 17.6 Sb 
28.0 Sb 


38.6 Sb 


5. DISCUSSION OF RESULTS 


the 


calculated 


undue confusion in the discussion, 
of the 


surface-tension relationships will be made mainly with 


To avoid 
comparison experimental and 
reference to the first method of analysis. This appears 
to give more consistent results on evaluation and is 
more generally applicable than the second analytical 
Although the latter 
theoretical basis, much of this accuracy is lost in the 


method. has a more exact 
simplifications which have to be introduced to obtain 
a form suitable for evaluation. However, the data 
contained in Table 1 indicate that the trends shown by 


the two analytical methods are essentially similar, with 


the possible exception of the Al-Zn system (discussed 


METAL SOLUTIONS 


later); the discrimination in favor of one method is 
therefore not unreasonable 

In the six simple eutectic systems Bi-Sn 
Bi-Pb (Fig. 3), Pb-Sn (Fig. 4 Fig. : d 
Fig and Sn-Zn (Fig. 7 wreement be 


the calculated and experiment il relationship 


Pb-Sb Sn 


6), the tween 
good 
the maximum deviation between the two values being 
In the ystems 


1.04 


within the range 5-30) dynes/cm 


the coefficient of displaceme nt covers the ran 
Bi-Pb) to 1.42 (Sn-Zn 


activity values indicate that the liquid 


hile the thermod 
solutiol 
far from ideal. Thus in the Bi-Pb and Pb-Sb 
there are negative departures for ideality 

and 35!‘ 
Sn-Zn 
(maximum 


The 


and calculation is particularly striking in the case of 


deviations respectively 


Bi-Sn, Cd-Sn, and systems show 


deviations values 3%, 9! 


respectively & agreement hetween xperime nt 


the Bi-Sn system, W here the coefficient of displaceme nt 
is quite large, 1.16, and the difference in the surface 
tensions of the two pure components is also large, i. 
190 dynes/em 

In the Sn-Zn system (Fig. 7) 


the calculated 


the agreement between 


experimental and surface-tension 


relationships is not so exact as in the previous 


cases; in fact, the difference-composition relation 

shows a maximum deviation between experiment and 
\ possible 
reason for this greater discrepancy is discussed below 
all of 


intermediate phases in the solid state, the agreement 


calculation at the equi-atomic composition 


In the remaining four systems which form 


between the experimental and calculated relationships 
is poor, the experimental values being consistent] 


The 


lower than the corresponding calculated ones 


following points may be stressed In each indi 


system. The coefficient of displacement for tl 


system (Fig 


8) is 0.89, and the activity of the 


deviates in a strongly positive manner from id 


behavior. The experimental surface-tension-compo 


Fig 


inversion and maximum between V,, 


tion relationship at 650°C S(a), shows a 
0.6 and O.8 
the complete disappearance of this effect at SOO°C, Fig 
8(b), makes the validity of this effect suspect. For this 
reason, only the experimental relationship at 800°C is 
the comparison 
Under these 


difference between the calculated and experimental 


surface 


calculated 
the 


used in with 


tensions conditions maximum 


figures is 40 dynes/cm; this compares with the range 
(5-30) dynes/cm for the eutectic systems in which the 

coefficients of displacement deviate more strongly 

unity, but in which the activity deviations are 

In the Al-Mg system (Fig. 9) the coefficient of displace 

value of 1.24 and there is a slight but 


ment has a 


165 
| and 
| 371 371 371 
385 386 392 
126 $20 130 tel 
510 $90) 186 
560 560 560 
365 365 365 
110 402 407 
427 418 425 i 8 
$52 452 $52 
Pb-Sn 100 44] $4] $4] 
(623°K) Pb 7.4 Sn 42% $38 $50 
74.7 Pb 25.3 Sn 437 $35 £50 
48.9 Pb 51.1 Sn 170 447 $59 
Pb 75.6 Sn 190 180) 173 
15.9 Pb 84.1 Sn 502 498 {S85 
3.7 515 513 
enc: 790 84] 836 
A 
YD 182 
195¢ 155 778 741 
735 768 730 
735 760 721) 
700 755 717 
660 742 715 
125 725 725 
607 607 607 
525 199 120) 
506 16% 397 
503 147 
380 8380 880 
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definite deviation of the activity coefficient from 
ideality. However, in spite of these relatively minor 
deviations of the system from ideal behavior, the 
calculated surface tension-composition relationship 
deviates strongly from the experimental one. At 
600°C, Fig. 9(a), the experimental value is smaller by 
0.4; 
i.e. 90 dynes/em. 


at 800°C this figure is 
In the 


100 dynes/em at .V,4,, 
still essentially the same, 
Zn-Sb system the displacement coefficient is high, 1.92, 
and the activity coefficient shows a strong negative 
deviation from ideality. The discrepancy between the 
calculated and experimental relationships is corre- 
spondingly great, showing a maximum of 110 dynes 
em. The Cd-Sb system (Fig. 11) has similar charac- 
teristics to those of Zn-Sb. The displacement coeffi- 
cient, 0.69, deviates considerably from the ideal value, 
while the activity coefficient is again less than unity, 
although to a smaller extent than for Zn-Sb. Once 
more the experimental surface tensions are much lower 
than calculation, the maximum 
difference being 96 dynes/em for Greenaway’s results 
(Fig.lla), and 
Fig. 11b). 
The binary systems Al-Zn, Al-Mg, Zn-Sb, and Cd-Sb, 


and to a lesser extent the Sn-Zn system, show a distinct 


those obtained by 


50 dynes/em for Matuyama’s values 


tendency for the experimental surface-tension values 
to be lower than the corresponding calculated ones. 
Furthermore, these systems show deviations of the 
displacement and activity coefficients from ideality 
which are no greater than those shown by the eutectic 
the agreement calculated and 


systems in which 


experimental values is good. These deviations are 
usually greatest in the composition regions in which 
intermetallic phase formation occurs in the solid state, 
e.g. Figs. 9 and 10. 

Before considering this difference in behavior of the 
two sets of alloys systems, it is relevant to refer to an 
in the original analysis which might 
affect this result. It 
that the 


equation 4) is independent of composition, i.e. 


ssumption 


possibly has been assumed 


displacement coefficient 


that 


throughout 


the surface area per atom of each component of the 
While the 
itomic relationships for the 


systems Sn-Zn, Al-Mg, and Cd-Sb (density values are 


system is independent of composition. 
volume-composition 
not known for the complete Sb-Zn system) are 
ipproximately linear, this is not so for the Al-Zn 


18) 


which exhibits a pronounced maximum 


system, ' 
value at the equi-atomic composition. Although the 
observed disparity in the two surface tension relation- 
ships might have arisen from this fact, the results in 
Table 2 suggest that this is not the case. Here, for a 


number of compositions, surface tensions have been 
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TABLE 2. Calculated and experimental surface 
tensions for Al-Zn system at 800°C 


Surface tension (dynes/em) 


Alloy 
composition 
NZn Nal 


Calculated 
Experi- 
mental 


const. 


778 
768 
760 


calculated on the basis of a displacement coefficient 
which was derived from the partial molar areas of each 
component at a given composition; corresponding 
values assuming a constant coefficient and experi- 
mental values are given for comparison. From Table 
2 it is apparent that the composition dependence of the 
displacement coefficient is not able to account for the 
observed disparity between the calculated and experi- 
mental surface energies in the Al-Zn system. 

In comparing the five systems which showed the 
marked deviation of experimental and calculated 
relationships, the systems Sn-Zn and Al-Zn appear to 
occupy a somewhat intermediate position as regards 
the maximum deviation reached, i.e. 20 dynes/em and 
40 dynes/cm, respectively, compared with the 90-100 
two 


dynes/em in the other three systems. These 


systems show positive deviations of the activity 
coefficient from ideal behavior, the tendency being 
stronger in the Al-Zn system than in the Sn-Zn system. 
This positive deviation of the activity coefficient is 
synonymous with a tendency for the two components 
to separate, i.e. bonds of the A-A and B-B type are 


A-B The Al-Zn 


system is of the peritectic type, with no tendency to 


stronger than those of the form. 
form a stable intermetallic phase in the solid state, 
while the Sn-Zn system is of simple eutectic form. In 
the foregoing analysis employing equations (2) and (4), 
the assumption was made that the functional relation- 
ship between (6,/b,”) and 6b, was the same as that 


between (a,/a,”) and a,. In systems showing tenden- 


cies to immiscibility, it may be that this assumption is 


no longer true. In fact, the surface layer may tend to 
a state more ideal than the bulk of the solutions as a 
result of the repulsive tendency between the two 
the 


bonding of atoms at the surface. This is equivalent to 


component atoms and reduced coordination 
saying that 
and 
where 
x,’ = mole fraction of component | in the surface layer 


x,’ = mole fraction of component 2 in the surface layer 


fiNz)| | | 3 
0.3 0.7 787 0.86 0.89 782 
0.5 0.5 770 0.58 0.89 741 
0.6 0.4 764 0.52 0.89 730 
0.7 0.3 762 0.47 0.89 721 
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Thus the surface tension-composition relationships 
were recalculated for these two systems on the basis 
that The results 


the surface layer was ideal. are 


TABLE 3. Calculated surface tensions of Sn-Zn 
and Al-Zn systems assuming surface layer ideal 


Surface tension 
(dynes em) 


Alloy composition 


Ideal 


layer 


Nonideal 


layer 


Expe ri 
mental 


NZn (700°C) 


NZn N 41 (S8OO°C) 


743 
689 
666 
663 
665 


672 


Sn-Zn 


has corrected 


For the 
introduction of this modification 


system, the 
the 


presented in Table 3. 


calculated surface tensions in the proper direction to 
give closer agreement with experiment; at V,, 0.9 
the corrected value is now considerably below the 


the Al-Zn 


system the assumption of an ideal surface layer has 


corresponding experimental point. In 
again lowered the calculated surface tensions, but the 


corrected values are now much lower than the 
corresponding experimental points. However, it does 
appear that, on the basis of the analysis contained in 
equations (2) and (4), the assumption of a surface layer 
more ideal than the bulk solution can account for the 
observed discrepancies between calculation and 
experiment in the Al-Zn and Sn-Zn systems. It is 
interesting to note from Table 1 that the Al-Zn system 
is the only one in which the two calculated relation- 
ships differ in trend relative to the experimental 
relationship. Thus the surface tensions calculated by 
expression (6) for the Al-Zn system are in much closer 
agreement with the experimental points than is the 
case for the alternative analysis. 

In the remaining three systems, i.e. Al-Mg, Zn-Sb, 
and Cd-Sb, any assumption of an ideal component to 


the surface layer will only worsen the observed dis- 
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the calculated and the theoretical 


For the Cd-Sb system, Ti 


parity between 


relationships hoth 


calculated relationships indicate strong disagreements 


with the experimental one. In seeking an explanation 


for this discrepancy, IT might be stated naively that 


in systems showing strong A-B interaction in the solid 


state, a similar tendency in the liquid reduced the 
surface tension below that to be expec ted on the DasIs 


More 


these systems the 


of the two calculations employed urate ly, 


this discrepancy may imply that in 


surface layer is no longer a monolayer and that 


of short-range order or interaction exists at the 


which is not considered in either analvsis 


effectively lowers the surface tension of the 


Thus, in any analysis designed to explain the 


tension relationship for this type of system, it n 


necessary to consider a more complicated 


ynien 


model made up of a number of layers between 
there is some degree of interaction 


The close agreement between the calculated 


and 


experimental surface tension-composition relation- 
ships for simple eutectic systems suggested that the 
analysis by expressions (2) and (4) might be inverted so 
as to yield activity-composition relationships caleu 


lable from experimental surface tension-composition 


relationships. While the calculation can be formulated 


final functional 


relationship between surface tension and activity is 


in a quite rigorous manne! the 


incapable of solution. 


6. CONCLUSIONS 


It has been found possibl TO account 


observed surface tension-composition relat 


six eutectic Bi-Sn, Bi-Pb, Pb-S: 


Cd-Sn, and Sn-Zn 


systems 
using two independent met 
analysis. The agreement between the calcul 
the experimental relationships is quite clos 
of the three Al-Mg. S 


Cd-Sb, which form stable intermediate ph 


In the case 


systems 
solid state, the agreement between tne Cc 
the experimental surface tension relationshiy 
This may be the result of an oversimplified 
the surface employed in the analysis It 
necessary in such systems to consider a suri 
composed of a number of layers between 
degree of interaction exists 

The Al-Zn system appeared to form an in 
stage between the above two classes. One method of 
analysis gave good agreement with experiment in this 
case. On the basis of the other analytical method, the 


Sn-Zn 


system, may tend to a more ideal state than exists in 


in the 


surface layer in this, and possibly also 


the bulk of the liquid, a fact in keeping with the 


0.75 0.25 618 636 629 
0.25 0.75 553 560 o44 
0.1 O.9 S41 36 
0.3 0.7 807 82 
0.5 0.5 778 | 
0.6 0.4 7638 30 
i 08 01 742 
0.897 0.103 742 15 
4 


positive deviations of their activity coefficients from 
ideality. 

It was not found possible to invert the one method 
f analysis and deduce activity-composition relation- 
ships from surface tension-composition relationships, 
for eutectic systems, although this is theoretically 
possible. 


The present methods of analysis will be of value in 


predicting surface tension-composition relationships at 


least for the simpler binary liquid systems. They 
could also be of value in predicting the surface energy 
of similar solid alloys, especially if used in conjunction 
with a method of estimating the surface-tension change 


on melting.“ 
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A DISLOCATION-ATTRACTION MODEL FOR THE FIRST 
STAGE OF TEMPERING* 


B. S. LEMENT? and MORRIS COHEN 


A dislocation-attraction model governing the flow of carbon atoms 
kinetics of the first stage of tempering in steel. It is predicted that the time « 
reaction should be | 3, and the activation energy for the reaction should 
carbon in martensite. On the basis of previous kinetic data, a good check of t 
is obtained; however, it appears that the activation « nergy tor diffusior ot carn 
in martensite than in «-ferrite. The slower rate of carbon diffusion in 
availability of paths of lower barrier energy in the b.c.c. ferrite than in t] 


UN MODELE D’ATTRACTION PAR LES DISLOCATIONS VALABLI 
POUR LA PREMIERE ETAPE DU REVENI 


Un modeéle d’attraction par les dislocations régissant le mouvement d’at« 


pour expliquer la cinétique du glissement dans la premié¢re étape du reveni 
l’exposant du temps de la réaction isotherme serait 1/3 et que lénergie 
égalerait celle de la diffusion du carbone dans la martensite. 

Sur la base de données cinétiques antérieures, on obtient une bonne confirmatio 
le temps; cependant il apparait que l’énergie d’activation pour la diffusion di 
martensite d’environ 50°, supérieure a celle caractérisant la ferrite « 

La vitesse réduite de diffusion du carbone dans la martensite est expliquée pat 


énergétiques plus faibles dans la ferrite cubique centrée que dans la martensite quadri 


EIN MODELL MIT VERSETZUNGS-ANZIEHUNG FUR DIE ERSTE AN 

Zur Erklarung der Kinetik der ersten Anlasstufe von Stahl wird ein Modell vorgesi 
die Anziehung durch Versetzungen fiir die Wanderung der Kohlenstoffatome massg 
werden die Voraussagen abgeleitet, dass bei der isothermen Reaktion der Exponent ce 
und die Aktivierungsenergie der Reaktion gleich derjenigen der Kohlenstoff-Difft 
sein soll. Mit Hilfe friiherer kinetischer Daten lasst sich der theoretische Zeit-Expor 
Hingegen scheint die Aktivierungsenergie der Kohlenstoff-Diffusion im Marte 
sein als im «-Ferrit. Die geringere Diffusionsgeschwindigkeit des Kohl 
dadureh erklart, dass im kubisch-innenzentrierten Ferrit Diffusionsweg« 


schwelle als im tetragonal-innenzentrierten Martensit vorhanden sind. 


1. INTRODUCTION According to Roberts ef al.,) the precision 
The first stage of tempering in plain carbon or low- data obtained for five high-purity iron 
alloy steels consists of the formation of both h.c.p. and two commercial steels varying in car! 
e-carbide (approximately 8.2°, carbon) and b.c.t. low- from 0.6 to 1.4°, can be represented by the followi 
carbon martensite (approximately 0.3°, carbon) at empirical equation, up to at least 50°, tra 


the expense of the primary martensite present in the 


Kt 


as-hardened condition. According to observations In [ 


with the electron microscope,” the e-carbide forms at 

subboundaries that are present inthe primary marten-  \here f — fraction transformed 

site. On the basis of X-ray diffraction evidence, * K — rate constant 

the first stage may be considered as a discontinuous F time. 

reaction in that the primary martensite decreases in n — time exponent 

amount, but does not appear to change significantly Experimentally, n~ 0.30, and the tempe 
in carbon content. Although the general nature of the dependence of K corresponds to an activati: a 
first stage seems established, there is still some Q- ~ 8000 cal/mol. Therefore, the activation 
uncertainty regarding the kinetics and mechanism of i the reaction based on time- i 


this reaction. 27.000 eal /mol. 


In an attempt to account for the experimental 
* Received October 27, 1955. 
+ Division of Industrial Cooperation, Massachusetts 
Institute of Technology, Cambridge, Massachusetts, U.S.A controlled and essentially discontinuous in 
Department of Metallurgy, Massachusetts Institute of 
Technology, Cambridge, Massachusetts, U.S.A. 
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of n, Roberts postulated that the reaction is 


Nuclei of e-carbide are considered to be present ll 


pour react 
carbone est dans 
ASSSTUFI 
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t Daraus 
Zeit 1/3 betrag 
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as-hardened primary martensite or to form so rapidly 


on tempering as to negate nucleation as a factor in the 
kinetics. 
the reaction is diffusion of carbon atoms along a 
relatively steep concentration gradient in the primary 
martensite, thus making possible growth on a plane 
front of an aggregate $ which consists of e-carbide and 
low-carbon martensite. A kinetic equation for the 
reaction was derived having the same form as (1), with 
n = 1/2 and K proportionalto D'*, where D represents 
the 

Accepting the theoretical value of x 1/2 


diffusion coefficient for carbon in martensite. 
and the 
experimental value of @ =~ 8000 cal/mol, Roberts 
that Op = Qp = 16,000 This 


seemed in line with the supposition that the activation 


concluded cal/mol. 
energy for diffusion of carbon in martensite Q, should 
the that in 
(18,000 cal/mol) because of the close similarity in 


be approximately same as x-ferrite 
lattice structure, However, no explanation was given 
for the discrepancy between n = 1/2 as called for by 
the theory, and n ~ 0.30 as found experimentally. 
Furthermore, it was not evident why a discontinuous 
rather than a continuous reaction should occur under 
the conditions of diffusion that were set up. 

In view of these objections, it appeared that a 
satisfactory model for the first stage of tempering was 
not yet available. Accordingly, a further attempt to 
solve this problem was considered worthwhile; and as 
an initial step, it was decided to make a more critical 
analysis of the precision-length data of Roberts in 
order to determine the reliability of the empirical 
for the kinetics. As will be 


equation (1) obtained 


shown, this analysis resulted in greater confidence 
that the experimental values of n ~ 0.30 and Q,p = 
27,000 cal/mol are actually representative of the 
kinetics of the first-stage reaction. 

The acceptance of n~ 0.30 posed a dilemma, 
because the lowest possible value of m should be 1/2 if 
regular diffusion of carbon atoms is the basic mecha- 
1/2 holds 


for the case of growth of a plane front with solute 


nism involved. As shown by Zener,'? n 


atoms being supplied by flowing down a concentration 
or activity gradient, the number of nuclei being 
constant. In order for n to be less than 1/2, a negative 
rate of nucleation (dissolving of nuclei) would have to 
be postulated. However, if a mechanism other than 
regular diffusion of carbon atoms were operative, 
n =~ 0.30 might be possible even with an essentially 
zero rate of nucleation. 
carbon atoms had proved successful in accounting for 


the kinetics of strain-aging of «-ferrite,“ an attempt 


was made to apply this concept to the first stage of 


tempering. 


With this model, the controlling feature of 


Since dislocation-attraction of 
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2. ANALYSIS OF ROBERTS’S DATA 
In order to obtain equation (1), one assumes a rate 


equation of the following differential form: 


df 


K (1 ft’ 


The fraction untransformed, (1 — f), represents an 


impingement factor which is commonly used to 
correct for one or more of the following effects: (a) 
collision of two advancing reaction products, thus 
stopping further growth along the area of their contact, 
(b) depletion of the untransformed matrix in solute 
content due to competing regions of growth of the 
reaction products, and (c) a decrease in either the 
volume or surface area of the untransformed matrix 
regions which supply solute atoms, such as when a 
film-like grain-boundary product grows toward the 
center of a grain on a more or less spherical front of 
decreasing radius. Since, in the general case, the 
simple (1 — f) factor should be considered as only 
approximately correct for impingement, it seemed 
essential to ascertain the effect of other impingement 
factors on the time-exponent and activation energy 
oberts’s data. 
factor of the 
f)', the integrated form of equation 


of the first-stage reaction based on 
By assuming an impingement 

general form (1 

(2) becomes 


nint (3a) 


Jo (1 
For values of the impingement exponent 7 varying 
from 0 to +2, a plot of the left side of equation (3a) 
using Roberts’s data, gives a straight-line 
O.1. 
the transformation 


vs. In ¢, 
relationship over the range from zero to f = 0.5 
With higher or lower values of 7. 
the 
On this basis, the most probable value of i may be 


range of straight-line relationship decreases. 


taken to lie between 0 and +2. 

The slope of the above linear relationship is equal 
to the time exponent », and depends on 7 only to a 
small extent. Accepting Roberts’s experimental value 
n increases from 
0.28 to 0.32 as 7 changes from 0 to +2. 


into 


of 0.30 which corresponds to 7 i, 
Taking also 
account Roberts’s experimental deviation of 
--0.02, the probable value of » can be considered as 
0.30 + 0.04, which is significantly different from the 
previously adopted theoretical value of 1/2. 

For straight-line relationships of equation (3a), the 
fractional changes in m and Q, with variation in 7 can 
be shown to be equal. This means that the activation 


df | | 3) 
In J In 
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energy of the reaction Op = Qx 


the particular impingement factor adopted. 


n is independent of 
A precise 
evaluation of Or and its probable error was made on 
the basis of the dislocation-attraction model which is 
discussed next. 


3. DISLOCATION-ATTRACTION 
MODEL 


It is postulated that the first-stage reaction is 


controlled by attraction of carbon atoms to edge 


-carbide 
X-ray 


evidence'® suggests that these phases are at least 


dislocations situated at the interface between « 


and the martensitic matrix. Inasmuch 


as 


partially coherent, a series of edge dislocations would 
Nuclei of 


present at 


presumably be located at the interface. 


e-carbide are assumed to be initially 
and the reaction 


the 


The e-carbide is believed to grow in 


subboundaries in the martensite, 
to 
Roberts’s model. 


is taken be growth-controlled, just as in 
the form of platelets or films, the thickness of which 
increases as carbon atoms arrive at the interface. If 
the state of the 


for atoms 


is continued, conditions 
further are self- 


As the reaction proceeds, a region of 


coherency 
attraction of carbon 
perpetuating. 
depleted 


extended 


carbon content adjoining the e-carbide is 
at the the 


martensite in a simulates a 


expense of original 


that 


primary 
manner discon- 
reaction. Two geometrical situations will 

(1) front, 
inward growth of a spherical shell. A 


tinuous 


considered: growth of a plane and (2) 
schematic 
drawing illustrating growth of a plane front is shown 


Fig. 


the problem. 


1, as a basis for introducing the treatment of 


The edge dislocations at the interface 


diagram illustrating first stage 
on a plane front. 


Schematic 
reaction taking place 
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are assumed to be separated by a constant distance h. 
The 


up next, 


inward growth of sphe rical-shell front is taken 
providing a geometric Ca 


to the 


se that corresponds 


more closely actual precipitation ! 


process 


4. KINETICS 
OF A 


BASED ON 
PLANI 


GROWTH 
FRONT 


According to Cottrell.” the average velocity of a 


carbon atom attracted to a single-edge dislocation is 


given by the negative of the product of th 
B D/kT, and the 
dE/dx. For a direction perpendicular to the plan 
misfit, it the 
A/x, 
(3 10-20 
that 


perpendicularly to the coherent interfacial 


mobility 


oradient of the interaction energy 


can be shown that interaction 


energy 
where A is the interaction energy cons 


erg-cm) It easonable to 


seems I 


carbon atoms in martensite would be ; 

pi 

up by e-carbide formation with about the same fore« 
single-edge dislocation, 
the 
Defining x as 


To 


as for a provided that the 
interface 


the 


dislocations in are spaced far enough 
the 


the 


apart. initial distance from 
each 


for 


during 


atoms which 


the 


interface carbon just 1 
the 


the 


interface in time f, following equation 


velocity » of carbon atoms should hold 


first-stage reaction 


DA 
kT x? 
If, as an approximation, the interface is assumed 


hot 


to move, 


The 


parameter 7 


defined as 
half 


fraction transformed 


being equal the 


between the carbide plane fronts which are 
equally spaced and pal illel in tl 


Thus 


hy potn 


1 (/3DA 
| kT 


0 


torn 


Changing to the differential and 
general impingement factor (1 
being essentially of the 


df (3DA 


type 


d{ 


(] f 
0 


A comparison with equation 


and 


Thus the dislocation model results in a time-exponent 


DA 
kl 
PRIMARY MARTENSITE 
LOW CARB N MARTENSITE } j s—2 7 
| | 
| | 
> (3DA\* 


ACTA 


1/3. which is in good agreement with the probable 
0.04 determined from the preceding 
The theoretical 


O30 


lue 


lysis of kinetic data. 


Roberts's 
ime-exponent in the case of strain-aging™) equals 2/3, 
vhich isa geomet ical consequence ot the assumption 
that depletion of carbon atoms occurs throughout 
vhat can be approximated as a cylindrical volume 
surrounding each dislocation line situated at random. 
By assuming a row of dislocations situated in the 
same plane as the basic pattern of the first-stage 
reaction, the geometry of carbon-flow is changed from 
one-dimensional and the time 


two-dimensional to 


therefore he lower. The expression 
the 
indicates that the activation energy of the reaction 


for ot 
of will he 


exponent is 


derived for rate-constant (A in equation 9) 


activation diffusion 


The 


the energy 


carbon in martensite. value p 


determined later. 


5. INWARD GROWTH OF A 
SPHERICAL-SHELL FRONT 
Actually, the e-carbide forms as thin shells at the 
boundaries of martensitic subgrains, instead of along 
of 
it is possible to derive explicitly a particular 
Under these 


fronts. Assuming spherical subgrains 


parallel 
radius fp, 
function for the integral in equation (8). 
conditions, 2 lo r, where 7 represents the radius 
of the core of untransformed primary martensite, 


assuming a discontinuous reaction :* 


(10) 


(11) 


reaction 18S 
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(12) 


2 


Thus the spherical case corresponds to an impingement 
factor of 3(] 
of the type (c) on p. 470. Since x ro 
equation (5) gives the following equation for the 


) 


Qp AND 


f)??, with the impingement being of 
r, the use of 
the reaction: 


kinetics of 


1 (3DA 


0 


(1 f)is (13) 


6. DETERMINATION OF rp 
Combining equation (13) and the diffusion equation 

(14) gives equation (15), which represents the tempera- 

ture dependence of A: 

(14) 


D = Dy exp — (Qp/RT) 


log 


le T) 


(3D,A 
| 


(log kK 


np 


2.3R 


(15) 


Thus a plot of (log A n log T) vs. 1/T should enable 


determination of both Q,, the activation energy for 
diffusion of carbon in martensite, and ry, the half- 


spacing of ¢-carbide fronts or subgrain radius. Using 
of 


determined for seven alloys asa function of five temper- 


Roberts’s individual values rate-constant K 
ing temperatures on the basis that the time-exponent 
0.30, both average values and probable errors of 
K and log K were computed. By plotting the left-hand 
side of equation (15) vs. 1/7’, Fig. 2 was obtained. 
The average slope of this plot corresponds to Op 
26,000 cal/mol. Considering the probable errors in the 
average log A values and in nv, the uncertainty in Q, 
to 12°,, or Qp = 26,000 + 3000 


amounts about 


cal/mol. 


2. Plot of log K 


0.3 log T vs. | 
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Extrapolating the plot of Fig. 2 to 1/7 0 gives 
an intercept of 3.33, which is the value of the first term 
of the right-hand side of equation (15). Taking the 
10-* cited Wert" for diffusion 
of an interstitial element, gives r, ~ 500 A. 


value D, = 2 by 
This is 
in excellent agreement with electron microscopic 
measurements” according to which the radius of a 


subgrain of martensite equals 500 to 1000 A. 


7. EFFECTIVE RANGE OF 
DISLOCATIONS 


EDGE 


In the dislocation-attraction model presented here, 
it is tacitly assumed that the edge dislocations in a row 
do not mutually interact to a significant extent. 
The validity of this assumption will now be discussed 
on the basis of the similarity between a coherent 
boundary separating two different phases and a 
low-angle grain boundary in a single phase. Cottrell’ 
has shown that for a distance away from a grain 
boundary in a single phase equal to the average 
spacing 4 between edge dislocations at this boundary, 
the field is essentially the same as for a single isolated 
dislocation; whereas for distances greater than h, the 
stress-field falls off steeply as an exponential function 
due to 


It is 


interaction between dislocations. 
to the 


magnitude of # on the assumption that the e-carbide 


mutual 


possible determine approximate 


and low-carbon martensitic phases are coherent. 
Jack’® has suggested that the coherency planes are 
probably (101). and (101) Ve: because the spacings of 
these planes are approximately equal. A comparison 


of these two phases is shown below: 


Spac 

Approx ing 
Lattice of (101) 

parameters cohe1 
content (A) 
planes 


\) 


imate 


Phase carbon 


ency 


(o 


e-carbide .c.p. 2.7 Rs 2.09 


Low-carbon 2.86 2.90 2.04 


martensite 


If registry exists between these two sets of planes, this 
might require the presence of a row of edge dislocations 
which are equally spaced along the interface of the 
lattices. Under such conditions, the martensitic phase 
would supply the extra rows of atoms and the (101) 4, 
0.01 A closer together 
It follows that the separation 
there 


planes would be spaced 0.05 
than the (101), planes. 
of the edge dislocations is about 80 A, and 
are approximately forty coherent planes between 


dislocations. 


DISLOC 


ATION-ATTRACTION MODEL 


to determine whether 


In 


large enough to be significant from the standpoint of 


orde1 this valu tA is 


the first-stage reaction, it is necessary to « alculate 
much transformation would correspond to depletion 
ot 


martensite within a distance 


arbon atoms initially present in th primary 


of the carbide intertace 
folloy 


DOO te 


This calculation can be carried out as using 


L000 A 


values of the subgrain radius r,, fi 


0 


The value of 20 to 40 transformation obtains 


relatively good agreement with fact tl 


imentall 


Thus 


0.04 has been found expel 


to hoid uy 


least 50 transformation mutua 
interaction of edge dislocations is probably not an 


important factor during the first half of transformation 


8. DISLOCATION-ATTRACTION 
REGULAR DIFFUSION 


VS. 


In order to justify the hypothesis that dislocation 
attraction is mainly responsible for the movement of 
the 
diffusion 
the 


carbon atoms to -carbide interface, thereby 


neglecting regular that occurs due to 


concentration gradient, relative magnitudes of 


Assuming 


the 


these two processes will now be compared 


that dislocation attraction is operatin ilone 


differential should hold for 


variation of carbon concentration C' with time ¢ at an 


following equation th 


distance x from a plane carbide interface 


ot 


The solution of this equation has the 


where ( carbon concentration of prin ar’ 


site, 
entration 


carbon Con? 


martensite adjacent to e-carbide 
The number of carbon atoms per unit area 


at the e-carbide interface in time ¢ due to dislocation 


ittraction is proportional to the area A, between the 


curve representing equation (18 and the straight lin 


corresponding to ( ( This area has the following 


time dependence: 


173 
i 
ro / 
4 
BA 17 
\ 
Refer following fo 
( ( r= 
a ( 
( ( 3BAt)- 
LO 
( ( 
A, dt ( ( 19 
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If regular diffusion were occurring alone, the 


following equations should apply: 
| 


i oC ? 
a=" (22) 
CXL / +—9 
where A, is proportional to the number of carbon atoms 
arriving at 0 in time ¢. Since B D/kT, the 
ratio A,/A, is given by the following: 


2 

— | (Dt)1/6 
A, 
For an intermediate tempering temperature of 340°K, 
the value of D = 0.02 exp (26,000/340R) = 4 10-19 
em2/sec can be substituted in equation (23) to determine 
the time that gives a ratio of unity. The result is that 
about 6.5 108 sec at 340°K are required for regular 
diffusion occurring alone to furnish as many carbon 
the dislocation- 


the 


atoms to e-carbide interface as 


attraction occurring alone. In shorter times, 


dislocation-attraction is more important. Since about 
this time at 340°K, 


considered to play a 


60°. transformation occurs in 


dislocation-attraction can be 


dominant role at least during the first half of trans- 
formation.‘®) 

Actually, both dislocation-attraction and regular 
diffusion would be expected to occur simultaneously, 
and then the following differential equation applies: 
— == RA—{—} 4 24) 


9 
ct Of Cx 


ali 


The complex nature of equation (24) makes it difficult 


to obtain an exact solution. However, it is found* 


that for times corresponding to A,/A, 1, equation 
1S) which represents dislocation-attraction acting 
may be 


alone, considered as a first-approximation 


solution. It can also be shown* that the following 


equation is a second-approximation solution: 


The number of carbon atoms arriving at x 


* Solutions were worked out by Dr. Carl Wagner, Depart- 
ment of Metallurgy, M.I.T., and Dr. Philip Franklin, 


Department of Mathematics, M.I.T. 


0 in time 
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t is proportional to 


As BA | ) 


must be zero in order for C/x*),» to 


dt + [ p 


0 


Since 
be finite, the second term in equation (26) equals zero. 


Substituting equation (25) in (26), the ratio of A,/A, 


can be obtained to a second approximation: 


Ay 


~ 


A, 14 
After 10® see at 340°K, which corresponds to about 


50% 


» 


, transformation, A,/A,~ 1.3. Thus, treating 


the kinetics of the first-stage reaction in terms of 


dislocation-attraction alone seems to be a good 
approximation over the same range that the time 
exponent n of the reaction is found to be constant. 


transformation, n would be 


Beyond about 50° 
expected to increase from the value of 1/3 for dis- 
location-attraction acting alone and_ eventually 
approach the value of 1/2 for regular diffusion acting 
alone. However, since 2 is actually observed to 
decrease rather than increase beyond about 50°, 
transformation, other conditions may come into play. 
One possibility is the restricted range of dislocation- 
the effect. 
interaction limit 


SO A. 
the 


attraction due to mutual interaction 


Since mutual may effectively 
dislocation-attraction to a distance of about 
the tend to 


available carbon atoms are removed from a region 


reaction would slow down after 


corresponding to this distance. 


9. DISCONTINUOUS NATURE OF 
FIRST-STAGE REACTION 

If the first-stage reaction were truly discontinuous, 

a “low-carbon” martensitic region of constant carbon 
content would be separated from the primary marten- 
site by a concentration gradient of infinite slope at 
any time during the course of the reaction. Based on 
X-ray intensity measurements, the first-stage reaction 
seems to be only approximately discontinuous, since 
the of both the 
“low-carbon” and primary martensitic regions appar- 
the 
proposed dislocation-attraction model is consistent 


some variation in carbon content 


ently exists. In order to determine whether 
with the X-ray evidence, it is necessary to examine 
the attendant variation in carbon content during the 
course of the reaction. 

The carbon-concentration vs. distance curves for 
times of 104 and 10® see at 340°K, which correspond 
to about 20 and 50°, transformation respectively, 
are plotted in Fig. 3 and 4 for dislocation-attraction 
occurring alone (equation 18), for regular diffusion 


occurring alone (equation 21), and for both occurring 


eC 
dt. (26) 
(20) 
ert 
dD | 322 
( ( (a3 3 BAt)23 BA | 7(23 3 BAt)/3 
3x76 
(a 2 BAt)?3 (a? + 3 BAT)? 
(25) 
(a? + 3 
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C—Ce 


Cp-Ce 
@ 


o 


CONCENTRATION PARAMETER 


STANCE 
Fic. 3. Plots of concentration vs. distance fi * and 10° see at 340°K 
A—Regular diffusion. B—Dislocation attraction. Dislocation attract 


simultaneously (equation 25). The distance over operative than without it. If, for exampl low 
which a _ region corresponding to ‘low-carbon’? carbon’? martensite is considered to exist over the 
martensite would contribute to X-ray intensity concentration range (( ( ( 

measurements is larger with dislocation-attraction which is in line with the accuracy of the X-ray 


measurements, the corresponding distances after 10° 
Poth sec at 340°K are about 2 LO-* em for 
diffusion. 3.5 10-* em for dislocation-: 


and 5 10-* em for dislocation-attrac 
regular diffusion. On this basis, dislocation 
hy sregula diffusion the Dest ipprox m 


) 
B.C discontinuous reaction. An even better appr 


a Ferrite 1] 
to a discontinuous reaction would presun 


ttl 


the restricted range of dislocation-at 


spherical-shell geometry were taken 1n 


10. COMPARISON OF CARBON 
DIFFUSION IN MARTENSITI 
AND FERRITI 


If the experimental valu 


] 


the reaction (26,000 cal/mol is actually e¢ 


for diffusion of carbon in martensite, it foll 


diffusion in martensite should be slower tha 
provided that the values of D, are about thi 


the two phases. Although actual diffusion 
Siiiaeiaaiion ments have not been carried out, a consideratio1 


Poth IA available interstitial sites for carbon atoms in 


martensite and in b.c.c. ferrite indicates that 


reasonable to assume slower diffusio 
martensite. 
In b.c.c. ferrite, the available sites are the centers 
i of the cube edges and faces, a total of six sites per unit 
Fic. 4. Interstitial diffusion paths for carbon atoms , 
in «-ferrite and martensite. cell. 


O Available Iron Atom Positions @ Available Carbon Atom Positions 


In b.c.t. martensite, the available sites are the 
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nters of the c-edges and the centres of the a-a faces, 


tal of two sites per unit cell. Diffusion of carbon 


toms involves jumps from one neighboring inter- 


stitial site to another. Each advance that contributes 
to the net flow of carbon consists of a jump with a 
Because the 


omponent in the diffusion direction. 


».¢c.t. and b.c.c. lattices are quite similar, it is possible 


to classify the principal jump-paths on the basis of 


the particular initial and final positions involved. 
These paths are listed below and are illustrated in 
Fig. 4. 

of Path 


| Center of edge to center of face. o1 


Examples 


vice versa. 
Center of edge to center of perpen- 
dicular edge, or center of face to 
center of perpendicular face. 
Center of edge to center of perpen- 
dicular face, or vice versa. 
For the b.c.c. lattice, it seems logical to assume that 
jumps of carbon atoms along type-l paths require 
the lowest activation energy as compared with jumps 


along paths 2 and 3. 


Thus almost all of the jumps 
would be expected to occur directly along type-] 
paths, and carbon atoms probably reach the final 
positions of paths 2 and 3 by making two and three 
successive jumps respectively along mutually perpen- 
dicular type-1 paths. 

In the b.c.t. lattice, type-1 paths which result in an 
advance equal to one-half the lattice parameter are 
not available because of the preferred distribution of 
interstitial sites. The direct path of lowest activation 
would appear to be of which is 


energy type 1A, 


somewhat similar to two successive jumps along 
lattice, resulting in an 
the 


difference in path-length between types 1 and 14 


type-l paths in the b.c.e. 


1dvance equal to one lattice parameter. If 


were the only factor involved, the activation energies 
required for jumps along these paths would be the 
same. However, inasmuch as only alternate octa- 
hedral interstitial sites are stable positions for carbon 
the b.c.t. lattice, every other octahedral 
It is likely 


this circumstance would raise the level of the 


itoms in 
site must be a position of higher energy. 
that 
barrier energy in the diffusion process, and therefore 
the activation energy for carbon diffusion in marten- 
site could be higher than in «-ferrite, which is in accord 
with the present analysis of the tempering data. 
11. CONCLUSIONS 

1. Analysis of the kinetics of the first stage of 

tempering based on precision-length data indicates 


that the time exponent of the reaction is 0.30 + 0.04 
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and that the activation energy for the reaction is 
26,000 + 3000 cal/mol. 

2. A dislocation-attraction model proposed for the 
first-stage reaction predicts that the time exponent is 
1/3, that the activation energy for diffusion of carbon 
in martensite is 26,000 cal/mol, and that the radius of 
1500 A. The dis- 


locations are presumed to lie in the partially coherent 


subgrains in martensite is about 


interface between the e-carbide precipitate and the 
martensitic matrix. 
3. The slower rate of diffusion of carbon in b.c.t 


martensite than in b.e.c. ferrite can be attributed 


to the existence of paths of lower barrier energy for 
carbon jumps in the b.c.c. lattice than in the b.c.t. 
lattice. 

4. The approximately discontinuous nature of the 
first-stage reaction as indicated by previous X-ray 
intensity measurements is explained by the shape of 
the that 


results from dislocation-attraction. 


carbon-concentration vs. distance curve 

5. Because of the dominating effect of dislocation- 
attraction on carbon flow up to about 50°, trans- 
formation, the role of regular diffusion due to con- 
can be neglected as a first 


centration gradients 


approximation. 
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X-RAY AND CALORIMETRIC INVESTIGATIONS OF COLD WORKING 
AND ANNEALING OF A GOLD-SILVER ALLOY* 


B. L. AVERBACH,+t M. B. BEVER.+ M. F. COMERFORD,? and J. S. 


Calorimetric and X-ray diffraction line-broadening 
75Au-25Ag (weight per cent) alloy deformed by filing and annealed 
500°C. Stored energy, hardness, subgrain size, local strain, and short 
made. It appears that most of the stored energy is associated with the 
small fraction of the energy is attributable to a reduction the sho 
amount is stored in the local elastic distortions. The recovery process involv: 
of the local strains and a small increase in the subgrain size in this alloy. Ree 


involve a removal of the low-angle boundaries and the complete elimination of t 


EXAMENS PAR RAYONS X ET CALORIMETRIQUES D’ALLIAGES 
ECROUIS ET REVENUS 

Des mesures calorimétriques et délargissement de raic 
effectuées sur des échantillons 75 ¥, Au-25% Ag 
différentes températures jusqu’éa 500°C. L’énergie accumulée, la dureté 
la déformation locale et ordre a petite distance ont été déterminés 

Il semble que la plus grosse partie de l’énergie accumulé« 
sous-grains. Une petite fraction de l’énergie est attribuable a la réduction d: 
une quantité négligeable est accumulée dans les distorsions élastiques locales 

Le procédé de restauration implique une réductio sensible des detormations 
accroissement de la dimension du sous-grain de cet alliage { 


supression des joints a petits angles et l’élimination compléte des défo 


RONTGENOGRAPHISCHE UND KALORIMETRISCHE UNTERSUCHUNGI 
BEI KALTBEARBEITUNG UND ANLASSEN EINER GOLD-SILBER 
An Proben einer Legierung aus 75°, Au und 25° 

und daraufhin bei verschiedenen Temperaturen 

kalorimetrische Untersuchungen sowie Messungen iiber di« 

gefiihrt. Im einzelnen wurden gespiecherte Energie, Harte, 

Nahordnung bestimmt. Der Hauptteil der gespeicherten Ene 

von Subkorngrenzen zuriick; ein kleiner Bruchteil der Energie lasst sich der Ver 

nung zuschreiben und ein vernachlassigbarer Anteil i den lokalen elastische 

gespeichert. Der Erholungsvorgang ruft in dieser Legierung ein starkes Zur 

Verzerrungen und eine geringe Zunahme der Subkorngrésse hervor. Die Rekrist 

Verschwinden der Kleinwinkel-Korngrenzen und zu | 


zu fiihren. 


INTRODUCTION Cold-worked samples \ prepared by filing 

Calorimetric and X-ray diffraction measurements these were then annealed at various temperature 
were used to investigate the changes which occur on to 500°C. The X-ray diffraction line broadening 
annealing a heavily deformed gold-silver alloy. observed for each sample, and the stored energy 


Although each type of measurements has been determined by tin-solution calorimetry. Later it 


previously applied separately to various metals, a realized that the short-range order in these samples | 


combination of the techniques was expected to give been affected by the plastic deformation and ann« 
some insight into the mechanism by which energy is treatments. Additional samples were then produc 
stored in cold-worked metals and to provide infor- procedures identical with those used for the o 
mation on the changes which occur during recovery — set, and short-range order parameters were dete! 
and recrystallization. from diffuse X-ray measurements 


The samples represent the 


* This work was sponsored by the U.S. Atomic Energy range from the heavily cold-worked to th 


Commission under Contract AT(30-1)-1002. Received November recrvstallized and annealed condition. but 
9, 1955. 
+ Department of Metallurgy, Massachusetts Institute of 
Technology, Cambridge, Massachusetts. ; sequence ol events observed in this alloy is nec 
+ Present address: Murex Welding Processes, Ltd., 
Waltham Cross. Herts, England. 
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should ve exercised before assuming that the 


the same for other metals and illoys 
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ACTA 
EXPERIMENTAL PROCEDURES 
Pre paration of the Cold-worked Powder 
The powders were prepared with a fine file from a 
block of gold-silver alloy, containing 75 per cent gold 
by weight. The powder was passed over a magnet to 
after this still 


about 0.2 per cent iron left in the material, presumably 


remove iron: treatment there was 


by mechanical admixture, but this did not interfere 
X-ray 
Large filings were removed and the powder was 
200 mesh, 200 to 


with the calorimetric or measurements. 


divided into three size groups: 


325 mesh, and 325 mesh. 


About 20 per cent by 
weight of the sample fell into the first size-range, and 
the balance was about equally divided between the 
two other size-ranges. The specific surface area of the 
powder used in the experimental work as determined by 
a krypton adsorption technique was 2040 cm?/gm. 


(This Mr. S. R. 
Mitchell under the supervision of Professor R. T. J. 


measurement was carried out by 
Charles.) 
The 


measuring approximately | 


were compressed into briquettes 


l 1 


powders 
in. with the 
finest powders at the face which was to be used for the 
X-ray measurements. The fine powders favored the 
production of smooth diffraction rings. The overall 
size distribution of the sample, however, was kept 
The briquettes 
LO-C 


close to that of the original filings. 
were stored in a refrigerator at approximately 


until they were annealed or measured. 


Annealing 

The briquettes were sealed in evacuated Pyrex 
tubes and annealed for one hour at the temperatures 
indicated. (Two samples were also annealed at 500°C 
for two hours.) The earliest samples and all samples 
annealed at 500°C were heated in a temperature- 
controlled furnace; the remaining samples were heated 
in liquids boiling in a flask provided with a reflux 
condenser. The liquids and their boiling-points were: 
(150°C), carbitol (195°C), 
(345°C). 
stated are the boiling-points which were actually 


cumene benzophenone 


306°C), and carbazole The temperatures 
observed and not those reported for ideal standard 
samples. In a few instances two samples were 
annealed at a given temperature. Both were used for 
the calorimetry, but only one was used for diffraction 


measurements. 


X-ray Line Broade ning Measurements 

X-ray diffraction line shapes were obtained by 
using either a Philips recording spectrometer and 
filtered Cok radiation or a hand spectrometer with 
CuX« radiation monochromated by diffraction from 
The diffraction were obtained 


a LiF crystal. lines 
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at a low rate of travel (} deg per minute) with the 
recording spectrometer, and at small intervals in 
24 on the hand spectrometer, and care was taken to 
of the the 
correction for instrumental broadening was made by 


include all line above background. A 
measuring the diffraction contours for well-annealed 
aluminum single crystals. Since the lattice parameter 
of the gold-silver alloy is almost identical with that 
of aluminum, it was possible to use each diffraction 
line from the aluminum crystal as representing only 
the instrumental broadening. 

Each diffraction peak was expressed in terms of a 
Fourier series and then analyzed by the method of 
Warren and Averbach.": ?; 3) This analysis expresses 
the broadening function as a cosine Fourier series, in 
coefficients, A, (J), 
material. The coefficients include the effects of particle 


which describe the cold-worked 


size and distortion in the following form: 


(1) 


where: A, particle-size coefficient, 
A, ”(l) = distortion coefficient. 
These effects can be separated if more than one order 
(/) of each line is measured, since only the distortion 
coefficient is a function of the order of the reflection. 
As (/) approaches zero, 
A, exp | 27771,? (AL?) /a?) (2) 

where: /,? = 

AL = change in length of a column of crystals 
of length, 

a lattice parameter. 

Equation (1) becomes: 


In A? — (AL? 


For different orders of a particular set of planes 


In A 


(hkl), a plot of In A,(l,) vs. J,” should give a curve 


which approaches a straight line at 1, = 0. Thus even 
if the exponential expansion involved in equation 
it is still 
Experimentally it appears that the 


(2) is not justified at large values of (AL*), 
valid at 1,2 = 0. 
separation afforded by equation (3) can be carried out 
in the cases of the first two orders of the (111) and 
(200) lines. 

Williamson and Smallman“) have recently criticized 
the separation of particle-size and distortion coeffi- 
cients described above on the basis that it is not valid 
for the case where the strains have an arbitrary 
distribution. They chose a Cauchy distribution of 
strains for their illustrative case; this requires that 
the mean-square strain in the crystal be infinite 


(1.e. 


/ is infinite), and in this case the separation 


4 


| 
= 
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does break down. However, such a case is physically 
impossible. 

In this work, the diffraction contours were deter- 
mined for the pairs (111),(222) and (200),(400) and the 
particle sizes and distortions were determined from 
AL/L, was obtained as a 
This strain 


equation (3). The strain, « 
function of the gage length, L. rises 
smoothly as the gage length is reduced and tends to 
approach a constant value as LZ approaches the 
spacing of the diffraction plane. These maximum 
were reported as the 


the 


values at small distances, JZ, 


local strain, and _ represent root-mean-square 
local strains, averaged over distances of a few Ang- 
stroms, for columns of cells normal] to the diffraction 
planes. The particle sizes represent the average 
lengths of a column of crystals normal to the diffraction 
planes which lie within a particle. A particle boundary 
is thus any surface which destroys the diffraction- 
phase relationship; this includes grain boundaries, 
subgrain boundaries, and inclusion interfaces. Since 
the particle sizes measured by X-ray methods were 
much smaller than the grain sizes, it was assumed that 
the X-ray particle sizes were primarily associated with 


the presence of subgrain boundaries. 


It is also possible to detect the presence of large 


numbers of stacking faults by the relative shift in the 
positions of diffraction lines.) The shifts observed 
here were, however, within the experimental error and 
much smaller than those observed for alpha-brass. 
It was concluded, therefore, that the stacking-fault 


concentration was low. 


Short-range Order Measurements 
The 


measurements of 


was determined from 


X-ray 


method 


short-range order 


diffuse scattering, using 


a reflection-spectrometer described  else- 


where.“? & 7) Geiger-counter spectrometer readings 
were made with monochromatic CoA radiation from 
a curved fluorite crystal focused on the specimen held 
in an evacuated chamber. The X-ray unit was run 
at 20 kV and 22 mA for all of these measurements 
The diffuse scattering measurements were put on an 
absolute scale by comparison with the independent 
scattering from a block of lucite, measured under 
identical experimental conditions. The fluorite mono- 
chromator removed the 4/2 harmonic from the beam, 
and the 2/3 harmonic was not excited at the voltage 
used. 

The Compton modified contribution to the diffuse 
scattering was calculated in the manner described by 
diffuse 


computed on the assumption of independent vibration 


James.'®) The temperature scattering was 


of the atoms with identical amplitudes for each 
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atom.™> Although the temperature diffuse correction 
is approximate, the final calculation of the short-range 
order and size-effect coefficients was performed by 
means of isolate 


a Fourier analysis, which helps to 


these coefficients from extraneous effects Conse- 
quently, the order and size-effect coefficients were of 
considerably greater accuracy than would be expected 
on the basis of the accuracy of the corrections 


The 


expressed in terms of the coefficient 


nearest-neighbor short-range 


determined directly as the coefficient 


transform. This .coefficient is defined 
Py 

l 
X 4 


atom as 


probability of finding an A 


B atom 


A 
whe re Py 


nearest neighbor for a 


X { atomic fraction of A atoms 


In principle, it is also possible to obtain values for the 
coefficients, %, %3, etc., from powder data, but in 
practice the resolution of the powder method is too 
low to anything beyond the _first-neighbor 


The 


difference in 


give 
coethcient. which 


the 


coefficient. size-elttect 


arises from a atomic sizes in 


solution,”® was found to be quite small, indicating 


that the cold and silver atoms have almost the same 


sizes in solid solution. The short-range order coeffi 


was found to be negative for this alloy 


cient 
indicating a preference for unlike nearest-neighbors 


and the data Norman 


Warren” for compositions 


were consistent with those of 


and other gold-silvei 


( Measurements 


alo tri 


The samples used for the line-broadening 


ments were also used for calorimetric dete 


of the stored energy. Each briquette 


into small pieces, which were shaken up in 


round off sharp corners and to remove any p 


The lumps 


likely To be knocked oft easily 


separated from the powde! weighed and adde 


the calorimete1 Addition of lump specimens ra 


than powder facilitated the manipulation and in 


ched the ati 


that the total weight ol the samples rea 
The additions usually weighed 4-6 g 
The stored energy of the powders was determined 


using a tin-solution calorimetry technique which has 


been described elsewhere as this 


The OT 


technique depends on the small heat effect associated 


illoy Ss, sucn 


with the dissolution in liquid tin of some 
asa 75d per cent vold-silvei alloy added from 0°C to tin 


at 240°C. This permits the determination of small 


energy contents. such as that due to cold-work, from 


in the Fourie: 

— 
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Retained Energy (cal/gram) 


100 200 
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Calorimetric 


the difference in the heat effects associated with the 
dissolution of the sample in question and an annealed 
standard of the same alloy. 

In this investigation. the accuracy of the calori- 
metric measurements was adversely affected by the 
use of powders, even though they were in briquetted 
form. The dissolution of the samples in the calori- 
meter was accompanied by the evolution of gas which 
raised the pressure from the usual working level of 


Also, 


complete 


0.02 microns the 


3—4 min for 


microns to as much as 10 


powder samples required 


dissolution compared to | min for the annealed strip 


These 


which was used as a standard. undesirable 


values ot stored ere rey 


in 75Au—25Ag alloy filings. 


features in the behavior of the powder samples were 
probably caused by surface contamination. Although 
this interfered with the best accuracy of which the 
calorimetric method is capable, the data were still 
sufficiently accurate to indicate the main features of 


the annealing processes. 


Hardne SS Measure die nts 


Hardness measurements were made by means of a 
Bergsman microhardness tester, using a load of 10g. 
A number of impressions was made with a Vickers 
diamond, avoiding grain boundaries and pores as far 


as possible, and these were collected in a distribution 
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» sizes and local strains in 75Au—25Ag alloy filings. 
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curve for each sample. The value which appeared TaBui 
most frequently was assumed to represent the most 
probable hardness, and this was expressed as a 
diamond-pyramid-hardness (DPH) number. Although 
the absolute values of these hardness readings are 
probably quite uncertain, the observed trend of 
hardness vs. annealing temperature was considered 


significant. 


DISCUSSION OF EXPERIMENTAL 
RESULTS 

The calorimetric data on stored energy are listed in 
Table 1, and the line-broadening X-ray data are 
summarized in Table 2. The mean values for strain 
and particle size in Table 2 were weighted with the 
multiplicity for each direction. Although an attempt 
was made to obtain both X-ray and calorimetric data 
on all samples, a few calorimetric runs were 
unsuccessful However, the scatter in the data was 
sufficiently small to warrant a correlation in terms of 
average values taken from a smoothed plot vs. 
annealing temperature, as shown in Figs. 1 and 2 

It is apparent that the stored energy drops on 
annealing for one hour in the range 150-300°C. half their original value in the annealing 
although there may be a smaller decrease on annealing 250°C and dropped to zero on annealing 
at lower temperatures The particle size in the as-filed The hardness values are shown in Fig 
condition was approximately 200 A; it increased to conjugate decre: 
about 300A on annealing at temperatures up to in back-reflection phot 
250°C, but increased sharply on annealing at higher — recrystallization took place rapidly 
temperatures The local strains decreased to about ange 250-300 ( Annealing tre 


TABLE 2. Local strains a) 


Sample Treatment 
C, 1 hour 
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300 
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0.10 
t SO) ( 
4 the 
he } 
particle sizes 75Au—Z5Ag f 
Strains (10 j \ 
11] 200 Weight 1] \\ 
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appeared to correspond to the recovery process, 


whereas above 250°C there was apparent recrystalli- 
zation. These data suggest that the recovery process 


involves the relief of local strains along with some 


subgrain growth. On recrystallization, all of the 


] 


local strain disappears, and regions with large sub- 


grains are formed. 


Since the local elastic strains measured by the X-ray 


technique represent the averages for columns 


the irradiated volume taken 


the 


crystals throughout 

of 
it is possible to calculate the stored elastic 
Table 3 
lists the elastic energies calculated from the smoothed 
and it that these 
the 


that 


over a gage-length order of the interplanar 


spacing, 


energy associated with these distortions. 


strain values in Fig. 2. is evident 


insignificant in comparison with 


It 


relatively little energy is stored in the form of elastic 


energies are 


measured stored energies. thus appears 


distortions in these deformed filings. 
The diffuse X-ray measurements indicated that the 


short-range order in this alloy was reduced by the 


severe plastic deformation of filing, and the measured 


in 75Au—25Ag 
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Hardness vs. annealing temperature 75Au—25Ag alloy filings. 


nearest-neighbor short-range order parameter, %,, is 
listed as a function of annealing temperature in Fig. 4. 
It appears that filing reduces the short-range order by 
about 50 per cent, and a similar result was obtained by 
Rudman for a copper-gold alloy.”°) On annealing, 
there appears to be no increase in the short-range 
order during recovery (up to 200°C), but the coefficient, 
%,, returns to its equilibrium value, —0.06, after 
recrystallization occurs 

A smal] size-effect parameter, /,, was also derived 
from the Fourier transforms used to evaluate «,, and 
the values of /, are listed in Fig. 4. The presence of a 
size-effect coefficient indicates that the gold and silver 


(10,6) and 


atoms have different sizes in solid solution 
although the effect is small (with / 0.004), it 
probably sufficient to for the 
the lattice parameters of 
alloys at about 50 atomic per cent. 

The the 
short-range order as a result of the deformation may be 
for 


account minimum 


observed in gold-silver 


(16) 


energy associated with reduction in 


estimated if the quasi-chemical theory solid 


008 


200 300 400 
Annealing Temperature °C 


Short-range order coefficients, ~,, and size-effect 


in cold-worked and annealed filings of 75Au 
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coefficients, 
25Ag alloy. 
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TABLE 3. Elastic stored energy 
0.06) 
Treatment Average Elastic energy a, 
C, 1 hour strain (10 eal/gm) VW Ee? 
_ 004 ) 
LAO 9 5 | 
200 0. oo 
250 2? ( | e 
800 0.2 ? | | 
350 0 100 500 
E = 9.9 x 10*p.s.i. = 0.68 
p 17.1 gm/en 
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TABLE 4. 


> 
rotal interface Reduction 


area per gram 
104(em)? 


Annealing 
‘Temperature 


1 hour (°C) Measured 


As-filed 
150 
200 
250 


abe 


300 
350 
500 


0.46 
0.45 
0.34 
0.23 
0.18 
0.13 
0.09 
0.08 


Gold- 


(16) 


solution formation is assumed to be valid. 


silver alloys may apparently be treated this way, 
since the atoms have similar sizes and no unusual 
effects 


recently shown that the change in internal energy, 


electronic are expected. Rudman has 


dH”, associated with a change in short-range order is 
given by 


4) 


X 4X 


atomic fractions of 


A, B, 


where X ,, components 
number of nearest neighbors 

Avogadro's number. 
1 


action energy, 


BRB) inter- 


(annealed) (cold-worked) 


Taking (N,v) as 250 calories per gram atom,“”? 


the contribution arising from the change in short-range 
order to the stored energy was calculated from Fig. 4 
the resultant 


in accordance with equation (4), and 


energies are listed in Table 4. The energy associated 


with the reduction in short-range order has a maximum 
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value of about 10 calorie pel oram 


but 


] + 
and 1t rep! 


a small significant contribution to the 


energy. 

Since the stored energy cannot be 
hasis of elastic energy oO! changes in short-rang 
alone, an attempt was made to calculate the 


surface energy of the interfaces formed 


deformation and annealing since the ivel 


particle sizes, 


correspond TO the average intercept 
11] 


it was assumed that they were 


for the particles taken in four 
directions, 
leneth 


Vp 


to the average random intercept 


interfacial area per gram 1s then S 


area, | 


surtace 


where S total interfaci 


p density The specifi energ 


computed and the results shown 


It 


energ\ 


is interesting to note the specific 


about PAO erg The cold worked 


recovered hut ynen tal 


starts and reaches a alu nea YOU erg 


latter value is that 


expected tor a 


boundary. whereas the low- nergy bound 


representative of a material which cont 


small-angle boundaries 


These results suggest tha 
introduced during deformati 


little during the recovery process, eve! 


subgrain size may increase somewhat 


zation appears to involve the growth of 


boundaries at the expense 


It interesting to note. however! 


il¢ 


boundaries 


IS 


substantial strain ‘f occurs during recovery 


force tor recrystalli 


it appears that the driving 


is the interfacial energy avallable from 


tion of subboundaries, and not the stored 


energy 


SUMMARY AND CONCLUSION 


the 


The findings of this investigation indicate at 


energy stored in filings of a 75Au-25Ag (weight pe 


cent) alloy is released during the recovery and 
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ystallization processes. The combined X-ray and 


orimetriec measurements suggest that most of the 
tored energy is associated with the presence of low- 
nergy boundaries introduced during the deformation, 
und the average specific interfacial energy for these 
voundaries has been calculated. Even though the 
otal stored energy decreases and the average sub- 
erain size increases on annealing, the interrelation is 
such that the specific interfacial energy is relatively 
constant during the recovery stages (up to 250°C), and 
increases to the random grain-boundary value after 
recrystallization. 

The contributions to the stored energy arising from 
the elastic energy were shown to be negligible and 
those from the reduction in short-range order were 
shown to be significant, but small in comparison with 
the calorimetric values. A substantial relief of the 


local 


In the case ota heavily cold-wor ked alloy . the recovery 


strains occurs during the recovery process. 


process thus seems to involve the reduction of local 


strains and a slow subgrain growth, whereas on 


recrystallization the strains disappear completely 


and the low-energy boundaries are eliminated, and the 


equilibrium short-range order is restored. 
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EASY GLIDE OF CUBIC METAL CRYSTALS 
J. GARSTONE,+ R. W. K. HONEYCOMBE,? and G. GREETHAM 


The structural features associated with easy glide in hig] 
by microscopic and X-ray methods. The temperatur 
examined on identically oriented crystals over the rang 
specimen-length has been studied at room temperaturé 

An examination of the orientation dependence 
confirms the results of Rosi in so far as easy glide ends 
that a, tT, (critical resolved shear stress) is constant 
easy-glide range varies because of the existence of a sizé 
of identical orientation, but of different sizes. The effect 
alloying additions on the extent of easy glide, has been 

The view is advanced that easy glide ends as a res 
vicinity of dislocation pile-ups. Examination ¢ 
accord with the experimental results. The value 
follows an explanation of the temperature dependenc: 
consequently of the number of pile-ups, is put forward 


of the phenomenon. 


GLISSEMENT FACILE DE CRISTAUX CUBIQUES 


Les traits structuraux de cristaux d’aluminium de ha 


L’effet de la température sur le phénoméne a été examin 
le domaine de 196°C jusqu’éa 200°C, tandis 
étudiée a la température ambiante 

Un examen ce l effet de lorientation SUI les he | 
confirme les résultats de Rosi dans la mesure 
le cisaillement résolue o, telle que a, 
cependant démontré (par des expériences sul 
différentes) que la longueur du domaine du glissemen 
taille. L’effet de fins ce pots électrolytique s et. en 
glissement facile a été étudié. 

pothese est emise que le glisseme1 t facile 
secondaire aux environs d’empilements de dislocations 


7./G, est constant en accord avec les résultats expériment 


glissement facile et de ceci résulte l’explication de Vin 
longueur de glissement et, par conséquent, du nombre ¢ 


fluence de lorientation sur le phénoméne. 


“EASY GLIDE” IN KUBISCHEN ME 


An Reinstaluminium-Kristallen wurden dic 
anderungen (Gleitlinien, Knickbander usw 
Ausserdem wurde an Kristallen gleicher Orientierung 
bereichs zwischen 196°C und 200°C verfolgt, wah 
Probenlange bei Raumtemperatur erfolgte 

Eine Nachpriifung der Orientierungsabhangigkeit 
bestatigt insoweit die Ergebnisse von Rosi, als det 
o, endigt, fiir den a, 7, (kritische Schubspannw 
Variation der Lange des easy-glide-Bereichs auf die 
durch Experimente an Kristallen mit gleic 
wiesen wird. Weiterhin wurde der Einfluss diu 
insbesondere von Zulegierungen auf die Ausdehnung ce 

Die Autoren sind der Auffassung, dass das Ende des ea 
in der Nahe von Versetzungsaufstauungen vorzeitig el 
Ubereinstimmung mit den experimentellen Ergebi 


Wert von 7, bestimmt somit die Ausdehnung des easy g 


Temperaturabhangigkeit folgt. Die Orientierungsabha 


dass sich mit der Orientierung die Lange des Gl 


andert. 


* Received November 10, 1955. 
Atomic Energy Research Establishment, Harwe 
Metallurgy Department, University of Sheffield, E 
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1. INTRODUCTION 
Hexagonal metal crystals to a first approximation 


give linear shear-stress strain curves up to large 


plastic strains. The rate of strain hardening is much 


less than in comparable cubic metal crystals where the 
stress-strain curves are normally approximately para- 
bolic. However, it has been known for some time that 
exceptions to this behavior occur: notably, Von Goler 
and Sachs” showed that 70/30 brass crystals exhibited 
very low hardening from the yield-point to as much as 
20°, plastic strain. More recently, Maddin, Mathew- 
Hibbard‘? 


little or no hardening ceases when slip on more than 


son and have shown that this stage of 


one system begins. 


In recent years it has become clear that linear 
hardening can occur in pure metal crystals regardless 
of their crystal structure, provided slip on a single 


system takes place and is uninterrupted by the 
occurrence of inhomogeneities. Masing) considered 
that the parabolic stress-strain behavior of cubic 
metal crystals arose from the formation of deformation 
bands and slip on other systems. This opinion was 
partly based on experimental work carried out on 
aluminum crystals by Masing and Raffelsiefer,“) who 
found that cry stals with orientations near | 100 or {111} 
hardened parabolically, whereas crystals near [110] 
gave initially a linear hardening curve followed by a 
and 


more rapid hardening parabolic curve. Rosi 


Mathewson"? also found a linear law with aluminum 


(6) 


crystals up to 2 
that the 


aluminum depended not only on the crystal orien- 


elongation. Liicke and Lange 


showed extent of this linear region in 


tation, but also on the purity of the material. Andrade 


and Henderson” found that gold and silver crystals 


behaved in a similar manner to aluminum, and the 
glide,”’ as it is 


the the 


region of linear hardening, or “‘easy 


frequently called, became greater lower 


temperature of deformation. The range of easy glide 
was markedly restricted in silver crystals when these 
had a thin oxide film, and in general the presence of 
impurities in the metals had the same effect. Jaoul 


and 


found that the range of easy glide decreased as the 


Crussard,"®) working with aluminum crystals, 
purity was reduced from 99.995 to 99.8°%. 
Metallographic studies,‘9: 1°, 11, 12) 


aluminum, have shown that deformation bands and 


principally on 


unpredicted slip on other planes occur in the early 
stages of deformation in crystals which would be 
expected to deform on one set of planes. Rosi,“®) 
using both silver and copper single crystals, found that 
the end of the linear hardening was associated with the 
occurrence of sporadic multiple glide. Sawkill and 


Honeycombe" have suggested that the range of easy 
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glide depends on the rotations occurring in kink bands, 
which determine when secondary slip occurs within 
them. As these rotations are larger the higher the 
temperature, the easy-glide range becomes shorter. 
This paper is an attempt to assess the important 
variables in easy glide in both pure metals and in alloy 
crystals, and to propose a general explanation of the 
phenomenon. Results will be presented on aluminum 
crystals of identical orientation deformed at three 
different temperatures and examined by X-ray and 
microscopic methods. The role of crystal size and 
orientation has been investigated with copper crystals 
on which metallographic observations have also been 
made. The effects of electrodeposited films and of 
alloying additions to copper crystals have also been 


studied. 


2. PREPARATION OF CRYSTALS 
The aluminum crystals were prepared by a modifi- 
of the 


wire 


0.125-in. 
of the 


passed 


critical-strain method from 


(99.99° 


cation 


square pure). Long lengths 


strained (2°, 


critically elong.) wire were 
through a gradient furnace, the highest temperature 
being 600-630°C. In this way crystals up to 22 in. 
long were prepared and could be cut into a number of 
identical specimens (4in. long). Copper crystals of 
similar cross-section (0.125 in.) were prepared from the 
melt, using a split graphite mold. The copper used in 
these experiments was OFHC, which was subsequently 
twice vacuum-melted in graphite which had previously 
been thoroughly heated to eliminate volatile bonding 
Unless these precautions were taken, the 
of the 


greatly from the characteristic low value 


agents. 
critical resolved shear stress copper varied 
~40-60 
g/mm?). 

For the investigation of the size effect, a special 
graphite mold was made which allowed the growth of 
three square-sectioned crystals from a common source, 
the dimensions of the specimens being 0.250, 0.188, 
and 0.125 in. square; the length in each case was four 
in. Identically oriented crystals of different sizes were 
also grown in separate molds from parts of the same 
seed crystal. 

Prior to deformation, the aluminum crystals were 
polished in an ethyl alcohol (900 ml) perchloric acid 
(100 ml) electrolyte with a voltage across the cell of 
27. The copper crystals were polished in aqueous 
orthophosphoric acid (1000 g/l.) at a voltage of 
approximately 1.8. 

The crystals were carefully mounted, using a jig 
designed to avoid accidental bending and to ensure 
axial alignment. The ends of each crystal were held 
in steel cups by using Woods metal for the copper 


ia 
4 
ar 
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the 
aluminum crystals. The copper crystals were deformed 


crystals, and a special aluminum solder for 
primarily in a Polanyi-type tensile machine, while the 
aluminum crystals were strained in a Hounsfield 
tensometer which was adapted to carry out tests both 
at 196°C and at 200°C, in addition to deformation 


at room temperature. 


3. EXPERIMENTAL RESULTS WITH 
ALUMINUM CRYSTALS 
The microstructural features associated with easy 
glide were most readily studied on aluminum crystals. 
Furthermore, the fact that very long crystals could be 
prepared by the strain-anneal method made it easy to 
eliminate the orientation variable by using identical 
specimens, and the effect of crystal length could be 


studied within wide limits. 


Aluminum crystal 04B 4.4%, elongation at room 
temperature. Optical micrograph 250. 


(a) Correlation of Structural Changes with Stress-strain 
Curves 

The work confirmed earlier investigations in so far 
as the occurrence of easy glide depended markedly on 
the orientation of the crystal. Crystals in which more 
than one slip system were predicted to operate from 
the 
crystals near [100] and [111] and on the boundary 


earliest stages of deformation, in particular 
between these poles, gave no region of easy glide and 
showed marked strain hardening from the beginning 
of the deformation. Large bands of secondary slip 
were observed, but kink bands were absent. 
Particular attention was paid to those crystals the 
orientation of which fell well within the stereographic 


The 


deformation was interrupted at a point near the end 


triangle and which gave regions of easy glide. 


of the easy-glide region and the crystals were examined 


microscopically and by X-ray diffraction methods. A 


further examination was carried out at a later stage 
when the rate of hardening had increased considerably 
It was established that both types of deformation 
band, bands of secondary slip, and kink bands wer¢ 
Figs. 1 and 2 


X-ray micrograph 


present during the region of easy glide 
show an optical micrograph and an 
from the same face of a cry stal taken just after the end 


reveals two sets of deformation bands, one parallel to 


ot easy glide approx elongation): the 


the operative slip bands and the others normal to 
them. Optical examination did not show secondary 
slip in the regions of either type of deformation band 
Little X-ray was observed 
(Fig. 3). 

After 


elongation) the stress-strain curve 


asterism 


somewhat heavier deformations 


became pa 


and marked strain hardening 


h Te taken place 
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at 
| 
Fig. 2. Same as Fig. 1. X — 
4 
| 
lie 
4 
a 
ee Fic. 3. Crystal 04B after 4.4 é gat 
X-ray Laue photog 


rvstal 04B after 8.8° 


Optical micrograp! 


micrographs confirmed that the crystals had become 


more heavily disoriented and that the major disorien- 
the kink 
Fig. 5 is the X-ray 


which can be 


tations were associated with bands rather 
than the bands of secondary slip. 
elongation, 
Fig. 2 
The X-ray 


corresponding] more pronounced (Fig. 6: 


micrograph afte S.S 


compared directly with taken on the same 
asterisms were 


Microscopic examination did not reveal any marked 


cry stal at the earlier stage. 


evidence of slip other than on the primary system in 
4) and 


however, in crystals deformed at 


crystals deformed at room temperature (Fig. 
L96°C, (Fig. 7 
200°C, the kink bands were more pronounced, and 


secondary slip was observed in them. The slip bands 


in these latter crystals were coarser and contained 


larger numbers of individual slip lamellae than 


those occurring aitel similar deformations at lower 


ten peratures. 


Fic. 5. Same as Fig. X-ray micrograph 20. 


1956 


s Fig. 4. X-ray Laue photograph. 


. 6. Same a 


(b) Te m pe rature De pe ndence of Easy Glide 
orientation deformed at 


2OO-C, 


Crystals of identical 

L96°C, 
examined after approximately the same amount of 
The length of 


increased as the temperature of testing fell; however, 


room temperature, and and were 


deformation. the easy-glide range 


the rate of subsequent hardening increased with 


decreasing temperature. For example, crystals 18 a, 
b, and e (Fig. 10) showed this behavior quite clearly, 
the crystal deformed in liquid nitrogen giving an 
strain. 


X-ray 


temperature of 


easy-glide range of approximately 10°, shear 

For a 
asterism 
test 
with the disorientations observed in the X-ray micro- 


given deformation, the extent of 


increased with increasing 


(Figs. 6 and 9). This was qualitatively correlated 


graphs which resulted primarily from the formation of 
kink bands (Figs. 5 and 8). Microscopic observations 


showed clearly that the size and spacing of the kink 


Fic. 7. Aluminum cry stal 04A deformed to 8% elongation 
at 196°C. Optical micrograph 250. 


488 ACTA METALLURGICA, VOL. 4, MN 
Fic. 4. Aluminum clongation 
at room temperature. 250. 
3). VO! 
4 

‘o's é 

é ; : 
f 


GARSTONE etal.: 


\ \ 


\ 
\ 


Tr 
r 


ISb, 
POO 
Fic. 8. Same as Fig. 7. X-ray micrograph 4. EXPERIMENTAL RESULTS WITH 
COPPER CRYSTALS 


bands increased with the temperature. It seems that Rosi," and Cupp and Chalmers) have pul 
there is a correlation between the length of the easy-  Stress-strain curves on coppel crystals of 
glide range and the disorientations introduced by the Orientations. Both the slope and length of the e: 
kink bands. clide part ol the stress-strain curves vary 
orientation. However, Rosi has shown th 


(c) Influence of Specimen Length of the curve is associated with a constant 
wo identically oriented crystals (17a,17b). one9in. Of shear stress which is independent 


orientation. The present work, while confirming 


long, the other 3 in. long, which had received the same 
treatment, were deformed to the end of the easy-glide  0servation, not only for copper but 
range. The load-extension curves are shown in Fig. 1], Shows that variations in the « 
While the curves are not identical, the range of easy 'o0m the differences in the size 
elide is similar in each case. An X-ray examination of the eryst Is tested 
carried out after the easy-glide deformation was 
complete, revealed little difference in X-ray asterism Orientation Dependence 
between the two crystals. Furthermore, a survey of Fig. 12a shows the shear stress-shear stra 
the length of the cry stals revealed noticeable dif- for a number of copper cry stals of different orient 
ferences only within 1 mm of the grips. Fig. 12b), all of which would be expected t 
X-ray micrographs revealed the presence of fine linear hardening at the beginning of plast 
deformation bands throughout both crystals. mation. These differ from R 


the length of the ea 


STRESS gm/mm* 


FIG. 
Fic. 9. Same as Fig. 7. X-ray Laue photograph. 17b—9 in. long. 
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Data on copper and copper-silver single crystals 


Note In this table, X 
specimen axis and the slip direction; 7, (dev) 
W; (ext 


, is the angle between the specimen axis and the normal to the slip plane: 


is the critical resolved shear stress determined by extrapolation of the stress/strain curve to zero strain; d, 


i, is the angle between the 


is the critical resolved shear stress determined by the first deviation from Hooke’s 


is the 


at which the extrapolated easvy-glide range meets the ¢ xtrapolation of the rapid-hardening part of the curve. 


a factor of 2. However, they confirm that 


hardening ends at a value of the shear stress o, such 


that o T 


" is approximately constant, where 7, is 
the critical resolved shear stress for glide. The 


essential results are tabulated in Table 1. 


SHEAR STRESS g/mm? 


SHEAR STRAIN 


Shear-stress/shear-strain curves of copper 
crystals of various orientations. 


linear 


The resolved critical shear stress for glide (7,) is not 
constant. The variation can in part be attributed to 
differences in purity of the crystals as grown, in part 
to structural differences due to mosaics, and in part 
to the difficulty of handling such fragile specimens. 
Added to this there is considerable uncertainty in 


determining 7 


precisely, as the curves change slope 
very gradually. Bearing these difficulties in mind, the 
degree of constancy of o, — 7, is quite surprising. The 
extent of easy glide is a maximum near [110] and 


decreases as the [100]-[111] boundary is approached. 


(b) Microstructure 
The 


deformation, 


crystals were electropolished prior to 


and many were examined under the 


microscope at various stages during the deformation. 


Fic. 12b. Orientations of copper crystals of Fig. l2a 


$90 
T 
Crystal xX A, 7, (dev) 7, (ext) (ext) 
dev. ext. dev. ext. 
Cu-49 63 34} 64 86 142 78 56 2:23 1.65 
Cu-50 56 37 5S 58 138 38 2.38 
Cu-5] 56 333 $9) 58 LOS 59 50 2.2 L.86 
Cu-43 59 35 59 59 136 77 77 2.31 2.31 
Cu-48 58 37 38 61 106 68 $5 2.79 1.74 
Cu-53 48 42 38 64 121 83 57 3.18 1.89 
Cu-42 $3 $9 $8 65 127 79 62 2.65 1.95 
Cu-40 48 43 $4 57 123 79 66 9 2.16 
Cu-38 49 4] +] 53 120 79 67 2.93 2.26 
Cu-44 16 46 49) aD 122 73 67 2.49 2.22 
Cu-45 51 39 37 50 LOO 63 50 > ty | 2 
Cu-55 43 458 16 53 117 71 64 2.54 2.23 
Cu-35 46 $9 57 57 134 77 77 2.35 2.30 
Cu-Ag alloys 
IB 17 47 595 595 1230 635 635 2.07 
pA | $8 42 232 232 $85 253 253 2.09 
3F $4 50 386 386 770 384 384 2.00 
Stress 
4 
et 
400} a2, | 
¥ 
300Fr 7 
/ 
200+ / 4 
i JA 4 
ole) 
SHEAR STRAIN °/, 
E 38 | 
> 400F 40/ / 44 SS 7 
Cu 
- 300F / 7 43, 
200} J 7 sO 
100F 35 
° 
| ° 
° 
| 45 ° 53 44 
fe) 2 3 4 6 8 9 
49 $5 
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RESOLVED SHEAR STRESS g/mm 


SHEAR STRAIN 
Shear-stress/shear-strain curves of identically 


Fig. 13. 
oriented copper cry stals of different sizes. \, 


> 
B, j 


diam.;: 


in. diam.; C, ,% in. diam. 


the occurred 


exclusively during the region of easy glide, but slip on 


Slip on predicted primary system 


secondary systems was detected in limited regions 
The first 


operative secondary plane was the cross-slip plane 


fairly soon after the end of easy glide. 


first identified by Maddin, Mathewson, and Hibbard; 
however, at higher stresses the majority of the other 


{111} planes operate at least locally. 


(c) Crystal Siz 


Comparison of the recent results: ! on easy glide 


in copper, silver, and gold shows that there is a wide 
variation in the extent of linear hardening even with 
metals of comparable purity. As the various investi- 
gations have used different sizes and shapes of 
crystals, the existence of a size-effect was possible 
Copper crystals of three sizes }, ;°,, and } in. square 
of identical orientation were grown in a triple graphite 
mold, and each crystal was tested in a similar mannet 
Repeatedly it was found that the largest crystal gave 
the least easy glide; however, the smallest crystal did 
not always behave in the expected manner, due to the 


difficulty of removing it undamaged from the mold 


\ 


3/mm 2 


| 2 
| / 
/ 


STRESS 


SHEAR 


RESOLVED 


4 
2 3 a 


SHEAR STRAIN 
14. Effect of 
in two similarly oriented copper crystals 
(1) unplated, 
(2) nickel-chromium plated 


‘le 


FG. surface coatings on the easy-glide 


range 


al. : 


EASY GLIDE 19] 


To overcome this troubl crvstals of ditterent 


SIZES (76: and in. diam but of identi 


orien- 
tation were grown in separate molds fron 
The 


removed without damagt 


same seed crystal smallest crystal 
from 

13 shows the shear stress-shear strain curves 
crystals of different sizes prepared in this 


clear that the amount of easy glide 


decreasing crystal size. Furthermore. thi 
range ends at approximately the same resol 


Stress 


d) Electroplating of Crysta 


There is already some evidence that surface 
clide 


helow 


will reduce the extent of eas\ pres 


causing dislocation pile-ups 


Andrade and 
tT} 


on silver crystals would markedly reduce the 


Henderson‘” found that an oxid 


part of the stress-strain curve 
A coppel crystal was plated with 10.000 \ of Ni. but 
and slip appeared o1 


How 


olide 


this did not eliminate ea 
of unplated crvst 


A 


f the linear 


the surface as in the case 


ever, the further addition of 


the elimination « 
14) 


did result in 


Fig 


region 


Alloying 


Particular attention has bee 


of silver in copper, but experiments g 


for other alloying elements 
Str: 


shows typical shear stress-sheat in 


crystals of three alloys containing approxim 


0.6. and 1.0! weight of silver 


The 


groups characterized by the 


by 


critical resolved shear 


and 600 g/mm?. Furthermort 


also fall into three families, the greatest 
olide 


silver 


shown by the crystals with 


( ‘lose! 


being 


content examination ot the 


+} 


reveals that, as in the case of pure coppel 


easy glide occurs at approximately twice the 
resolved shear stress for glide 
In Fig Ld he 


range are very similar. This arises fron 


the curves of slopes o! 


the 


crystals fairly closely oriented to each « wer 


of the alloying elem« could 


l arly 


chosen so that the effect 
be more readily determined. The slope is ¢ more 
a function of orientation than of composition 
Metallographic observations revealed that the end 
of easy glide in all crystals examined was associated 
with the localized occurrence of unpredicted sec ondary 


slip. Some secondary slip was observed prior to the 


end of easy glide, but this was usually associated with 
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crystals. 


weight per cent sil 


surface defects such as pits or scratches, which would 
be expected to act as stress-raisers. The first operative 


secondary slip plane was again found to be the cross- 


slip plane, but in most crystals all the octahedral 


planes were found to operate locally sooner or later. 


5. DISCUSSION 
The general viewpoint on easy glide has been 
crystallized by Cottrell,“® who distinguishes between 
laminar flow resulting in a linear stress-strain curve 
and the subsequent turbulent flow resulting in a more 


or less parabolic hardening curve. Koehler‘) has 
interpreted the linear region as that in which exhaus- 
tion of the Frank-Read sources takes place, while he 
postulates that the more rapid hardening is due to the 
interaction of dislocation pile-ups. However, it is 
widely agreed, and the present experiments confirm, 
that the end of easy clide is in fact characterized by 
the occurrence of unpredicted slip on other octahedral 
planes. The possibility of sporadic unpredicted slip 
within the region of easy glide cannot nevertheless be 


excluded. The transition from laminar to turbulent 


flow can be 
dislocations on different planes which give rise to 
increased hardening by 


for- 


However, an important question vet to be 


jogs and subsequent interstitial and vacancy 


mation. 


answered is: What decides when this transition takes 


place? The effect of such variables 


as temperature, 


orientation, purity, size of specimen, and effect of 


surface films on the extent of easy glide must all be 


explained. 
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As the secondary slip operates at macroscopic 


resolved shear stresses below those which would be 
expected to produce slip on the secondary planes, 
stress concentrators must exist locally to raise the 
shear stress sufficiently to cause glide. Pile-ups of 
dislocations seem to be the most likely stress con- 
centrators in a deformed single crystal. 

Stroh?” has shown that the stress at a point (rf) 


from the head of a dislocation pile-up is: 


Pij (1 
| (9) 
09 nr 


where Pi) is the local stress, o, 


the applied shear 
stress, x the number of dislocations in the pile-up, and 


r the distance from it measured in units of 


ub 


47(] 


f(9) determines which plane is the first to operate in 
the secondary system. 

A Frank-Read source on any system near a pile-up 
will operate when the local stress Pi) reaches a critical 
value wb/l, which is approximately 7, the critical shear 


stress, so the above expression becomes: 
(1) 


The distribution of dislocation sources in the crystal 
will determine the distance (L) of the source from the 
head of the pile-up. 

Now 


Eshelby, Frank, and Nabarro“® have shown that 


d(l v) 
kK 399 
ub 
where d is the length of the pile-up. 


Substituting values of 7 and n in (1). 


constant 


a 


This means that secondary slip starts and consequently 
easy glide ends when the resolved shear stress on the 
primary system reaches a given multiple of the critical 
resolved shear stress 7,. In the present experiments, 
the ratio has been found to be approximately 2 both 
for pure copper and the dilute alloys with silver. The 
longer easy-glide ranges in the alloys can be explained 


simply as necessary for the local stress to build up to 
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a value approaching that of the critical resolved shear 
Othe 


factors being equal, the present theory indicates that 


stress so markedly increased by alloying 


the critical resolved shear stress +, determines the 
extent of easy glide. 

As Rosi has pointed out, the results on the effect of 
impurities on easy glide have not been unambiguous 
When a finely dispersed second phase is present, the 
pile-ups would occur in the vicinity of the small 
particles and at an early stage of the deformation, 
thus leading to rapid hardening. Carlsen and Honey- 


> 


combe™® have shown in aluminum 3.3°% 


copper single 


crystals that linear hardening only occurs in the 
super-saturated solid solution, and ordinary parabolic 
hardening occurs when a finely dispersed second phase 
is present. 

As the temperature of deformation is lowered, 7 
increases, sO again an increase in the extent of easy 
the 


glide would be expected. This is confirmed by 


experiments of Andrade and Henderson” and those 


described above. Lowering the temperature also 
reduces the amount of slip per slip band. At elevated 
temperatures, the slip bands will be coarser and the 
stresses around the pile-ups should lead earlier to the 
occurrence of secondary slip. The above experiments 
on aluminum have confirmed this view: secondary 
slip is observed in kink bands at a much earlier stage 
at 200°C than during deformation at 196°C. 


Having established that easy glide ends when a 
given stress is reached, an explanation of the orien- 
tation dependence of easy glide can be sought in 


evaluating the slope c/a of the stress-strain curve 


This is a minimum for orientations near [110], and 
increases as the [100]-[111] boundary is approached, 
i.e. as the tension axis rotates towards the primary 
slip direction. The salient feature of this transition is 
that the slip plane becomes elongated, so that the 
length of the slip direction increases. If the view of 
Mott®® is followed that, during easy glide, dislo- 
cations pass out of the crystal, then the change in 
slope of the stress-strain curve with orientation is now 
for 


locations to escape if the slip path is increased. This 


explained, since it would be more difficult dis- 
is well supported by the present experiments, which 
show that large crystals harden more rapidly than 
small crystals of identical orientation. Furthermore, 
plotting o/a against the length of the slip direction for 
copper crystals of different orientation does, in fact, 
Fig. 16 


The effect of surface films is also evidence in support 


give an approximately linear correlation 


of the above argument, since such films would tend to 
retain dislocations within the crystal, thereby reducing 


the easy-glide range. These effects would be exper ted 


RATE OF HARDENING. g/mm/ 


to be particularly pronounced with smal 


Andrade and 


One final point which needs some discussion 


Hende1 


this is, in fact, what 


question ol where the pile-ups occur 1n th ? 


crystals. In aluminum the obvious sites of se¢ 


as The 


slip are primarily the deformation bands 


experiments have indicated. These bands are less 
pronounced, but closer spaced at lower temperatures 
this means that secondary slip will occur at a later 
stage, for the critical pile-ups will require mo 

mation to form them. At higher temperatures 
the distortions in the bands are heavier for 


deformation, and secondary slip occurs at 
spondingly earlier stage 
could be 

local 


develop, cause further secondary slip 
bands 


Of course, it 


POs 


are initiated by secondar\ slip 


felt that deformation 


role, as it is only when pile-ups ar 


large distances that he SIZE 


specimen 


a substai tial diftere nee 


expected TO m ike 


It is doubtful whether tn onsi 


apply to the behavior 
cry stals 
vations of! easy olide 


Here 
to the 


the linear region of 


strain axis and the lack of hardening 


be re lated To the occurrence ol vik ld phe 


Piercy. Cahn. and Cottrell?) have recently 


in brass crystals slip propagate nroug 


in the linear zone. Furthermo 
is much coarser and more 


copper and its dilute alloys 
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KINETICS OF PRECIPITATION IN SMALL LEAD-TIN SPHERES* 
W. DESORBO AND D. TURNBULL 


The precipitation reaction in very small crystal spheres of Pb-Sn alloy that 
specimens of grosser structural imperfections, has been followed by a calor 
cases studied the precipitation energy evolved isothermally is 1/10 to 1/400 of th 
polycrystalline specimens having the same composition. After cold working an 
treatment, the precipitation energy evolved by the spheres is several orders of magi 
energy released in the as-cast and homogenized state or after prolonged | 

For polycrystalline samples it is shown that the time 7 required for the isothermal 
the precipitation is a function of the homogenization time and temperature and the 
prior to homogenization. These results demonstrate the decisive role of gross 


cellular precipitation processes. 


CINETIQUE DE PRECIPITATION DANS DES PETITES SPHERES PLOMB-ETAIN 
La réaction de precipitation dans de trés petites spheres cristallines en alliags 
contenir moins d’imperfections structurales importantes que des échantillons plus larges, : 
au moyen d'une technique calorimétrique. 
Dans tous les cas étudiés, l’énergie de précipitation développée d’une fa 
1/400 des valeurs développées par des échantillons polycristallins massifs aya 
Aprés écrouissage et un court traitement d’ homogénéisation, l’énergic 
les sphéres est de plusieurs ordres de grandeur supérieure a celle libéré« 
géenéisé ou apres un long traitement dhomogénéisation. 
Pour des échantillons polycristallins, il est démontré que le temps 7 n¢ 
tion isotherme est une fonction du temps, de la température d’ homoge 
de déformation avant Lhomogénéisation. Ces résultats démontrent le réled 


dans quelques processus de précipitation cellulaire. 


AUSSCHEIDUNGSKINETIK IN KLEINEN 
Mit einem kalorimetrischen Verfahren wurde die Ausscheidung 
Pb-Sn-Legierung, die weniger grobe Fehlstellen enthalten diirfte: 


untersuchten Fallen betragt die isotherm entwickelte Ausscheidungswarm«s 


von grossen Vielkristallproben gleicher Zusammensetzung Nach Kaltbearbe 


Homogenisierungsbehandlung ist die von den Kugeln entwickelte Aussche 
Groéssenordnungen grésser als die freitwerdende Energ 
ausgedehntem Homogenisieren. 
An polykristallinen Proben wird gezeigt, dass die Zeit 
Halfte ablauft, eine Funktion der Homogenisierungsdauer 
geschichte vor der Homogenisierung ist. Durch diese Ergebn 


Fehlstellen bei einigen “zellartigen”’’ Ausscheidunger 


INTRODUCTION there is strong evidence that the tin dra 

It has been shown”) that the precipitation of tin (/ solution by diffusion along th ll boundary 
from bulk polycrystalline «-lead-tin solid solutions is | sweeps the solid solution in cell growth, rather t] 
accomplished by the growth of cells (‘‘cellular precipi- lattice diffusion. Therefore, it was suggested 
tation’’) consisting of tin lamellae interspersed in a the rate of cellular precipitation should be 
depleted « solid solution. Tiedema and Burgers structurally perfect single crystals than 
observed that tin precipitation occurred in the same _ solid-solution specimens Although © stru 
way in large single crystals of «-lead-tin. Areorienta- perfect «-lead-tin crystals were not availabk 
tion of the solid solution accompanies the growth cast spheres of the alloy should be comparatiy 
of cells in all cases. It was established that all of of grosser imperfections such as grain boundari: 
the cell nuclei form at structural singularities (usually inclusions. Therefore, we have in 

though not always—in the vicinity of grain boun- calorimetric technique, the 
daries) in the earliest stages of precipitation. Also very small spherical crystals of 


Also, the same calorimetic method has been 


* Presented in part before the American Physical Society 2 : 
Meeting, Baltimore, Maryland, March 17—19, 1955 [ Phys. Rev investigate the influence of homogenization time and 
55 955 ce or 5 55 1 
86, 1554 (1955)}. Received December 5, 1955. temperature on precipitation in ordinary bulk 
General Electric Research Laboratory, Schenectady, 
York specimens 
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Radiation trap 
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~Copper coils (water) 


/~Copper cone block 
/~Manganin heaters 
/~Copper plug (insulated) 


“Stainless steel pins 
“Insulator (vermiculite) 


Glass fiber 


— 


Copper block 
|| (adiabatic jacket) 


|} ~Bakelite 


it 


The 
EXPERIMENTAL 


( alorimete?) 


The 


investi 


this 
Over- 


adiabatic micro-calorimeter used in 


been described earlier by 


la 
useful 


gation has 
The unit has a fast adiabatic 
tor ot 


precipitation energies arising from solid-phase trans- 


hausel see Fig 


jacket, making it the measurement 


formations that have incubation times longer than 


to 5 min. 
The 


consisted of 


calorimeter container used in this work 


a short length (about | in.) of platinum 
0.0L0 or 0.006 in. wall-thick- 
Platinum Works). 


weighing approxi- 


tubing (0.187 in. o.d 


ness obtained from the American 
usually 


Lead-tin alloy samples, 


or less, were sealed in the container by 


The 


second and final cold-weld was accomplished after the 


mately lg 


cold welding both ends of the platinum tube.* 


sample in the platinum tubing had been degassed for 


ipproximately an hour at 100°C under a vacuum of 


better than 10-°>mm Hg. Just prior to this final 


there was introduced approximately 
during the 


heat- 


second weld. 
which, 


effective 


1mm of helium exchange gas 


serve as an 


experiment, helped to 


exchange medium. A copper-constantan difference 
thermocouple junction was soldered* to one end of 
the cold-weld of the platinum container. The diameter 
of each thermocouple wire was 0.002 in., and each 
segment was about 4 in. in length (coil) between the 


platinum container and bottom of the copper cone. 


* By this technique we have been able to homogenize the 
sample for days without any oxidation or other contamination 
f the alloy; also any number of experiments could be tried 
or repe ated on the same sample. 

+ The solder was the same composition as the alloy sample 
inside the calorimeter container. In some cases the junction 


was spot-welded to the platinum capsule. 


(a) 


adiabat mucro calorimeter. 


A small platinum wire hook, soldered? to this same 
end of the container (i.e. top end where the difference 
thermocouple junction was also located) provided a 
means for suspending the calorimeter from the bottom 
of the copper cone. The platinum hook hung from a 
between 

of the 


leneth of small glass fiber stretched 
attached to the 


short 


two metal screws bottom 


copper cone (see Fig. la). 

Adiabatic conditions better than 10-°°C between 
the platinum calorimeter capsule and the copper cone 
the 


automatically throughout the experiment.= That is, 


(and adiabatic jacket were maintained semi- 


as the alloy sample released energy, which raised the 


temperature of the platinum container and sample, 


the temperature of the adiabatic jacket and copper 
cone was increased externally at the same rate such 
that a temperature differential d7’ maintained between 
the platinum container and the environment tempera- 
than 10-°°C at 
experiment. The temperature rise A7' (of the calori- 


ture was less all times during an 
meter containing the sample and of the copper block, 
and cone) measured from the start of the precipi- 
tation reaction to the end of the transformation was 
measured by means of a strain-free copper-constantan 
The 


“V readings of this thermocouple were read with a 


thermocouple (described by Giauque ef al. 


high-precision Wenner potentiometer and recorded at 


time-intervals of a minute during the more rapid stage 


+ This condition of adiabaticity was readily accomplished 
by having the small wV response (of the difference thermo- 
couple due to the small dT existing between the platinum 
container and copper cone) amplified by a d.c. amplifier 
(Liston-Becker, Model 14). This amplified signal was then 
fed to a Brown recorder which, being equipped with a rotary 
mercury switch, controlled the and “‘off’’ time of the 
heating circuit to the block heaters. 


“on” 
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of the transformation. The galvanometer-telescope 


system was arranged to provide a sensitivity of 
The 


AT due to the precipitation energy evolved could be 


approximately 200 mm/V. temperature rise 


measured to better than 10-3 °C. 


Preparation of Alloys 


The alloy samples were made from the same stock 
and in the same manner as those prepared earlier by 
Turnbull and Treaftis.”) All samples reported were 


analyzed for tin to +1 part in 100. The powder 


samples consisted of small spheres of the alloy 
prepared from wire specimens by a metallizing gun 
technique. In order to minimize any effects of possible 
surface oxidation that might arise during this process- 
ing, the powder used in some experiments was heated 
to the molten state and then dropped through a dry- 
hydrogen atmosphere, solidified, and then sealed in 


the platinum container.* 


Homogenization 

The design of the calorimeter provided a unique 
and simple way for homogenizing the sample while 
the latter was held in position in the apparatus 
(see Fig. Lb). The copper block holding the sample 
container was placed in a hollow copper cone (spun 
from 7-in. copper). The whole assembly was clamped 
in place directly over a cylindrical nichrome-wound 
furnace such that the suspended platinum container 
the the 


The copper block (in position over the furnace) was 


was inside heating chamber of furnace. 
kept at a constant temperature by means of water- 
cooled copper coils (brazed to the outer edge of the 
cone). The same water (thermostated) that circulated 
through these copper coils also circulated through the 
the the 


jacket of the calorimeter, thereby helping to maintain 


coils wound around outside of adiabatic 


—— 
—Bakelite screws 


—Copper coils 
(water) 


Copper cone 
(spun) 


Nwica sheet 


~~—Furnace 


(b) 
Fic. l(b). 


Homogenization of sample. 


For further details on this heat-treating 


purifying powder samples, see Cech and Turnbull.'® 


process ot 
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essentially identical te: 

unit and the spun-coppe 
The samples 

approximately 

homogenizatio1 

mu 


genization tempel! 


ranging from 


dealing with cold-work: 


experiments where lon 


Proce dure 

The 
initiated by 
the 


precipitation rea 

removing the 
water-cooled jacket Lbove 
immediately quenching the platinum caps 
into dry-ethyl alcohol followed by a direct 


ether A 


connector fixed permanently In place it the top 


] + 
Jones electri¢ 


into dry-ethyl 


cone (accommodating the two thermocouple leads 


was connected to the cable rong to the am pliti rand 


When the 


the platinum capsule was 


recorder indicated 


potentiometer recorder 


that slightly 


temperature than the cone, the latter was assembled 


and clamped vacuum-tight by a 


la) te 


compre 


(see Fig the adiabatic jacket. Evacuation of 


the apparatus could then be started. The temperatur 


time measurements of the block were start ifter 


adiabatic conditions of 10 C or better were uned 


vacuum of better than 10 


opel 


pl itinum 


and also after a 


was evident. This entire tion of remo 


coppel and 


cone 


furnace) to the time of the 


measurement would take on the 


Maintaining the temperature o 


large calorimeter block almost 


homogenization of the sample, as mention 
Was Important in permitting a study ot the re 
its Initiation 


such a short time afte (quencl 


alorimeter ar 


The characteristics of the « 


the energy evolved by the sample is, toa 


mation, directly proportional to the rise in t 


AT’ of the calorimete1 


tionality factor is represented by the product « 


kx und cone 


of the mean heat capacitiest ind the pl Ye 


sum of the number of gram-atoms of each ec 


making up the calorimeter containe! 


ana 


reactions where the incubation times 
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PRECIPITATION IN LEAD-TIN ALLOYS 
POLYCRYSTALLINE 


TEMPERATURE °C 


Pb+75%Sn 

HT.=115 MIN@208°C 

AT=6.827°K 

Eppt= 170.3 CAL 
(g-ATOM)"' 

WT OF ALLOY: 
07447 GRAMS 

WT. OF PLATINUM: 
2122!) GRAMS 


Pb+75%Sn 
HT=118 MIN.@200°C 


WT OF PLATINUM: 
2122) GRAMS 


TIME (MINUTES) 


curves tor t 


than 2-5 min, the adiabatic rise in temperature, A7’, 

f the platinum container plus the sample) due to the 
can be 


ergy released during the transformation 


letermined precision of bette than 


the lloy samples used (approxi- 
for the weight of the small 


ss) and 


platinut used (less than 2.5 ¢), the maximum 


AT 


(for bulk polycrystalline samples).* 


ipsule 


encountered in this work amounted to about 


RESULTS AND DISCUSSION 


Powdey Specrmens 


Pre 


the experiments O the 


liminary re sults On hulk specimens. Prior to 


lead-tin alloy powdered 


specimens, several studies on the precipitation 


energies of some bulk polverystalline Pb-Sn alloys 


* In one study on a bulk po ystalline sample (7.5°% Sn 
a platinum capsule wa ed having rough! alf the wall 
thickness (0.006 1 ! is case A4 ume out to be ~11°C 


see Table 3. sample 


68% Sn 


P=} 


i=] 


TT 


w 

Lind 

TTT 


T 


Pb+6.8%Sn 

H.1.=67MIN@226°C 

AT=5995°K 

Eppt= 1275 CAL 
(g-ATOM)"! 

WT. OF ALLOY: 
07584 GRAMS 

WT. OF PLATINUM- 


17320 GRAMS 17320 GRAMS 


249 


» bulk-polyerystalline Pb-Sn alloys. 


were carried out. Typical temperature-time curves 
during the precipitation reaction for polycrystalline 
Pb-Sn alloy 


determinations are presented for each alloy shown. 


are presented in Fig. 2. Results of two 
In each case the samples were homogenized at 200 
the 


225 prio} 


to quenching. A comparison of 
results showing energ\ release for each of the two 
determinations of a given sample represents the 
approximate precision of the apparatus. The results 
obtained for the 7.5°,, and 6.8°, (by weight) alloys are 
in good agreement with those reported earlier by 
Nystrém'® (see Fig. 3): especially when one considers 
the various factors (see below) that can influence this 
Nystr6m’s 
smooth curves drawn through his data presented in 
ref. 8. (A 
the data from the small graphs.) 

yA Re sults On 
The calorimetric data and other pertinent information 
the Pb-Sn_ alloys 


value. results have been taken from 


“Gerber” variable scale facilitated reading 


powde rs of Various compositions. 


of each experiment for various 


198 
75% Sn 
290! 
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TABLE 1. 


Homogenization 


Run No. 


Time (min) 
(a) 5.4% Sn, X, 
Slds + H,>Q 963 
H, 990 

C.W.—> H,—-Q 32 
H,—Q 65 

H, 164 

H,—-Q 1000 

H Q—C.W 948 
H 992 


value for energy of precipitation (2,) (bulk 


0.09] 


Nystr6ém’s'° 
T 295°K 
(b) 7.1% sn, 

Slds H, 70 

H,-—Q 

H,—>Q 74 

H ~Q 2477 


(bulk-polyerystalline Pb-Si 


Energy of precipitation (2, 


C.W.—> H 

Q 

H, > Q 

C.W. H, 
bulk-polyerystalline 
Sn, Xo 
Q 3926 
-Q 1259 
987 
-Q L037 
1103 
LOOO 
5421 


QS7 


Energy of precipitation Pb-Sn 


0.127 


Energy of precipitation (vy) (bulk-polyerystalline 


Slds H Q 
H ~Q After completion of prey 
and then quenched. 


After completion of previous precipité 


ious precipitati 


by hammering, re-homogenized, a1 
After completion of previous precipitatio1 
quenched, and then cold worked by ham: 
After completion of previous precipit 

worked by hammering, and the: 


Tables 1, 2, 


In the first column are presented the expe rimental run 


examined are summarized in and 3. 
number for a given Pb-Sn alloy carried out successively 
upon the completion of the reaction of the previous 
run. The second column gives information on the 
sequence used in homogenizing, quenching, and cold- 
the The then 
meanings used to describe the procedure are listed as 
the bottom of Table 1. The 
symbols are used in the subsequent tables. The third 


column gives the pertinent information on the duration 


working specimen. symbols and 


footnotes at same 


(minutes) of the homogenization treatment as well as 


the temperature maintained during this heat treat- 


ment. “7',°K” represents the temperature of the 


calorimeter block (and platinum container) at the 


Sample solidified, sealed in calorimeter cap 


KINETI(¢ 


Precipitation energy in | 


propel hati conditions 
| ; und 


ol Ho we 


varied 


from 2 
quenching time 
the calorimeter block 
when the time-rate of 

Was approximately equal to tl 
temperature that might be 
ot background noise’ and Ol 
the difference thermocouple 


than min 


l 


less 


alloy in cal (g-atom 


MES OF PRECIPITATION 199 
K g-at 
remp. 
200 293.14 293.51 5.8 
3 218 296.04 17.53 rf 
212 294.51 94.93 
5 207 293.22 93.35 
6 208 290.40 10.43 2 
7 210 295.56 296.1 | 
206 POD 17.56 
polveryvstal e Pb-s 13 
186 246 66 45 
296.72 2GR RS { 
200 295.69 2O7 ) 
) 7.10, Sn) ~ 140 cal (g-ator terpolated) = 297°K 
208 277.36 278.2] 
200 275. OF 276.70 
3 200 278.3? 279.13 
| 200 274.89 275.78 10.5 
7.1 Si 160 cal (g-ate 
200 289.33 6? 
2 OU 2496.23 POH +. 
3 200 PO549 O4 1() 
5.46 
4 5 21 295.4 ) 
6 202 293.30 > 
7 POD 2Y? 7 
83 2G4 Q4 | 
9 4, 230 293.13 293 
CW. > H > Q = reaction, the sealed caps 
H Q—>C.W. react he { 
el 
reaction, the s 
time ¢. minute liter the ( 
f 0) Th ft was take that time ( the 
first attained. In every ex} 
; j ref 4 
nts the ture f 
Chis dT /dt amounted | 
Po lis tabulated in the last im) 
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Cal (g- ATOM) 


30 50 
T°C 


Precipitation energies for some bulk poly- 
crystalline Pb-Sn alloys. 


Nystrém’s data. 


4, 
6°, Sn 
This research 


on 


In Table l(a) i 
study ing the precipitation reaction of a lead-tin alloy 
This 


(spherical) 


re presented the results obtained in 
powder specimen containing 5.4°,, (weight) Sn. 


specimen consisted of small divided 
particles whose dimensions were less than 40 microns.* 
Prior to sealing this alloy in the platinum container, 
the specimen had been purified by dropping the 
particles through a hydrogen atmosphere at elevated 
temperatures (as described above). The results for the 
first run No. 1 are those obtained for the sample after 
it was solidified and after the physical geometry of 
the specimen was reduced to small spheres (see above). 
The second run represents the results after the precipi- 


The 


was 


tation reaction had been completed in run l, 
sample the 
annealed for 990 min at 204°C. 


experiment, the capsule containing the powder was 


(sealed in platinum container) 


In the third successive 


cold worked by hammering,t then homogenized at 


established that all but a small 
The particle 
This work was done 


Mic roscopic examination 
fraction of the particles were single crystals. 
diameters ranged from 10 to 40 microns. 
by Miss D. Kontoleon. 

A separate experiment 
empty platinum capsule indicated that the energy of cold work 


earried out on a cold-worked 


released at the temperatures of interest in this report was 


negligible when compared with the energy of precipitation of 


the alloys. 
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218°C for 32 min. It is probable that the sample 
recrystallizes before or during homogenization, so that 
the effect of the 
boundaries. We shall refer to these specimens as 
C.W. + H,, where n denotes the number of homo- 
genization cold The 
evolution of energy during precipitation in specimen 
C.W. + H, that 
obtained prior to cold-working (run 2). The remaining 
(4-8) the 
successively annealing the sample (4-6) and then 


treatment is to introduce grain 


treatments following work. 


has increased severalfold over 


runs repeat energy determinations by 
modifying the procedure (7-8) by working the sample; 
quenching and in 
In run No. 8, the 


specimen has been homogenized, worked by hammer- 


in one case immediately after 


another just prior to quenching. 


ing, and then quenched. The energy of precipitation 
following this procedure was the highest observed 
The 


precipitation energy released is that obtained in run 6. 


in the small-particle precipitation. minimum 


After homogenizing for 1000 min at 200°C, the precipi- 
tation energy amounts to only 0.3 cal (g-atom)~!, 
a value that is approximately 1/400 of the value 
the bulk- 


polycrystalline sample of the same concentration 


obtained for evolution of energy in a 
(Nystrém’s data, ref. cited). 
Temperature-time curves of some typical runs for 
this 5.4°,, Sn powder sample are presented in Fig. 4. 
Shown in the same graph is a typical temperature vs. 
time curve obtained on an empty capsule. These very 
values of d7'/dt. 
corrected for in 


not due to the precipitation 
E, the 


energy of precipitation. This correction amounted to 


small 


reaction, were evaluating 


less than 1°, of the total energy (depending on the 


absolute value of /). 

For the above series of runs the precipitation 
energy evolved by the spheres cold worked= and 
homogenized once is several orders of magnitude 
larger than the energy released prior to the deform- 
ation. Also, significant is that for each successive 
homogenization treatment after the first cold-work, 
the the 


interval between the quenching time and the time of 


energies evolved decrease, although time- 
the first measurements was kept approximately the 
same. The precipitation energies released by the 
powder for each of the eight runs are all significantly 
smaller than the energy values reported for the poly- 
crystalline alloy’®’ having the same composition. 
Precipitation energies obtained for a powdered 
Pb-Sn 


conditions of times of homogenization, cold work, ete.., 


alloy (containing 7.1°, Sn) under various 


In this series of experiments, as well as in the subsequent 


ones, no attempt has been made to evaluate the “amount” 


of cold work imparted to a given sample. 


500 
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DESORBO ann TURNBULL: KINETICS OF PRECIPITATION 


PRECIPITATION IN LEAD-TIN ALLOY (Pb +54% Sn, Ho PURIFIED 
SPHERES <40 MICRON DIAMETER) WEIGHT OF GRAMS X9*009 


WEIGHT OF PLATINUM CONTA'NER*267Q0 GRAMS 


RUN 
er HT =963 MIN AT 220°C 
AT O37I°K 


> 884 CAL (g- ATOM) 


COLD WORKED ( CAPSULE HAMMERED) THEN 
HOMOGENIZED AT 218°C FOR 32 MIN 
AT = 1495°K 
E pt = 36.54 CAL (g- ATOM) 


300 360 420 480 

H.1.=1UUU MIN. AL 

AT.=0.024°K 

Eppt=0.31 CAL (g-ATOM) 


oO 
° 

WwW 
ec 
> 
a 
a 
= 


240 


HOMOGENIZED FOR 992 MIN. AT 206°C, 
COLD WORKED THEN QUENCHED 

AT = |.696°K 

Eppt = 41.50 CAL(g-ATOM)* 


120 180 24 300 420 480 


THERMAL RUN 
(NO HOMOGENIZATION) 


60 120 180 240 
TIME (MIN) 


Fic. 4. Some typical temperature-time curves during the precipitation reaction 


204 
200 
60 180 4 480 
1 RUN 3 
: 
24.0 
23.0 
23.8 
| 
VOL. | RUNG 
A 
17.0 
16.6 
RUN 8 
3 
O 
230 
{e 
2260 
60 
of a lead-tin a 1.49% 


METALLI 


PRECIPITATION IN LEAD-TIN ALLOY 
(77% Sn)Hp PURIFIED 


WEIGHT OF ALLOY=06805 GRAMS (PARTICLE SIZE < 37 MICRONS DIA) 
WEIGHT OF PLATINUM +!0000 GRAMS 0.127 


235 RUN 2 
1259 MIN @ 200°C 
AT=0272* K 
Epp 4.29 CAL(g- ATOM) 
230 


TEMPERATURE °C 


RUN 6 
HT =1103 MIN @ 202°C 

COLD WORKED (2 nd TIME) THEN QUENCHED 
AT=3 407°K 

Epp =53 68 CAL(g- ATOM)” 


RUNQ 
HT=987 MIN.@ 230°C 
T=0.078°K 

Eppt = |. 22 CAL(g-ATOM)" 


20 £480 240 
TIME ( MINUTES) 


the 


powde 


erature-time durn 


lead-tin alloy 


The effect of cold work, 
the 


Table 1(b) 


homogenization. on 


ire tabulated in 
followed by precipitation 
energy of a second sample of the same alloy at lower 
temperatures Is also shown in the same table. In both 
studies, cold-working the sample before homogeni- 
zation enhances the value of the precipitation energ\ 
successive homogenization tends to 


released. while 


decrease this value 
A summary of the precipitation energies and other 
Pb-Sn powdered alloy 


pertinent information of a 


7.7°,, Sn is presented in Table 1(c). 


this 


Si mple containing 


typical temperature-time graphs for 


specimen are shown in Fig. 5. In the study of this 


alloy, a total of nine successive experiments under 
various conditions of homogenization and cold work, 
etc.. were carried out 
energy during the transformation of the alloy to the 
Two complete cycles are presented, 


cold 


cold work, followed by more annealing. 


x and p phases. 


long-annealing times. work, annealing, second 
Again, as in 
the two above samples, annealing the alloy decreases 


the value of the precipitation energy, while deforming 


RGICA, 


to determine the evolution of 
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the sample either prior to or after homogenizing 
increases this evolution of heat. In all cases these 
transformation energies for the powder specimen 
were less than the values reported by Nystrém for the 
corresponding alloys in the bulk polycrystalline state. 
the the 
precipitation by an appreciable amount. 
this still 
precipitation energy 
This 


temperature-time curves are compared for a poly- 


Deforming particles increases energy of 
However, 
significantly smaller than the 
for the 


illustrated in 


value is 
bulk-polyerystalline 
sample. fact is Fig. 6, where 
crystalline sample (7.5°, Sn) and a powder sample 
( 
powder sample; 


7.7°, Sn). Two experiments were carried out on the 
in the first, the sample had been 
cold worked prior to the transformation, while in the 
second, the sample had been annealed for a con- 


siderable time before being studied. 
3. Effect of coalescence order to 
investigate the possibility that the very low precipi- 


of powde rs. In 


tation rate in powders is due to some unforseen 


composition effect, we have measured the rate of 
precipitation in a bulk-polycrystalline specimen made 
by coalescence* of a powder on which we had rate 
measurements. The comparisons of the rates of 
precipitation and energy released in the two types of 
specimens (containing 7.7 weight per cent of tin) are 


shown in Fig. 7 and Table 2. The total precipitation 
energy released by the coalesced powder is about the 
same as that obtained for an ordinary bulk-specimen 
of the same composition and about thirty-seven times 
greater than the energy release of the powder before 
Thus, 
results on powders can be explained by some unknown 
Rather, 


coalescence. it seems very unlikely that the 


chemical difference from bulk-specimens. 
these results strengthen the hypothesis that the rate 
of precipitation in powders is very small because they 
free of the 


inclusions that normally lead to nucleation in bulk- 


are relatively grain boundaries and 


specimens. 


f. X-ray diffraction results. In the calorimetric 
technique, the sample usually has been at the reaction 
temperature 2 to 5 min before the first measurement 
can be made. It is, of course, possible that most of the 
precipitation in the powders occurred in this early 
period. Although this possibility seemed very remote, 
because a negligible amount of tin has precipitated 
after 2 to 5 min in bulk-specimens having the composi- 
tions of the powder, it can only be eliminated by some 
the powders, which 


property measurement on 


* The sample was melted ina quartz tube ina dry hydrogen 


atmosphere. The particles coalesced only upon prolonged 


heating at a dull-red heat. 
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PRECIPITATION IN LEAD-TIN ALLOYS 
Pb+ 7.5% (POLYCRYSTALLINE ) 


WEIGHT OF ALLOY-0.9624 GRAMS 
WEIGHT OF PLATINUM = 2.1324 GRAMS 
OT = 8.226% 
Eppt=!689 GAL ( g- ATOM)™ 


=~ 


= 
- 


Pb+77% Sn (POWDER) 
PARTICLE SIZE < 37 MICRONS 
WORKED THEN QUENCHED 
WEIGHT OF ALLOY =0.6805 GRAMS 
WEIGHT OF PLATINUM = |.0000 GRAMS 
AT = 3.407°K 
Eppt = 53.7 CAL (g-ATOM)™! 


TEMPERATURE °C 


Pb+7.7% (POWDER) 
PARTICLE SIZE< 37MICRON . 
HOMOGENIZED 5185 MIN @200 C 
WEIGHT OF ALLOY - 0.6805 GRAMS 
WEIGHT OF PLATINUM = 10000 GRAMS 
AT=0.272°K 
= 4.3 CAL (g-ATOM)”' 

23.5} 


| & 
60 2305 
TIME (MINUTES) 


6. \ comparison of temperature curves \ Li 
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TABLE 2. Precipitation energies in 


Homogenization 


rime (min) 


lead-tin alloy powder (7.7 
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oO 


Sn) before and after coalescing 


E 


atom) 


cal (g 


Temp. 


(Before coalescing) 


174 300.80 
LSO 301.89 


301.48 


After coalescing) 


-H, 32 
H, 1260 


Coalesced 


is still in solution after the 
Therefore, X-ray diffrac- 
tion patterns were obtained on a powder sample A 
tin) that 


indicates that the tin 


calorimetric measurement. 
7.7 weight released a negligible 


per cent 


amount of energy in the calorimeter and on an 


identical sample A . that had been worked at room 
temperature in order to induce precipitation. 

The weights of the specimens were identical and a 
constant amount of copper powder was added to 
each for calibration and lattice-parameter measure- 
ment. Each sample was exposed to X-rays for a 
l6-h period.* The intensities of comparable copper 
the Debye-Scherrer patterns of the two 


the 


lines on 


specimens were identical within observational 


error. The pattern for the cold-worked powder A, 
(211) tin this 
detectable on the for sample A. 


showed a strong line, but line was 


barely pattern 
Further evidence that the tin remained in solution in 
obtained from 
A was 4.929 A compared with 


4.9506 A for pure lead. 


sample was lattice- parameter 
measurements. 
a 1.940 A for A... 
If the 


content 


a, tor 
and dy, 
with tin 
the 
negligible amount of tin had 
of the 


lattice parameter varies linearly 


these observations are consistent with 
interpretation that a 
precipitated from sample A and about 55° 
thermodynamic excess of tin had precipitated from 
specimen A The amount of tin precipitated from 
the worked powder is in fair agreement with that 
ca. 60°.) deduced from earlier kinetic measurements, 
precipitated during the “‘fast”’ reaction.” 

Thus, the X-ray diffraction measurements seem to 
establish quite conclusively that all but a negligible 
part of the tin-content of the unworked powder 
was in solid solution after the calorimetric measure- 
ments were completed. 

5. The 
have been described” by a kinetic law X 
X is the the 


kinetic law. The kinetics of precipitation 


f(t), where 
precipitated 


fraction of sample 


* This work was done by Mrs. A. 8S. Cooper. 


299.45 By 172.6 
210 299,25 169.0 


isothermally in time ¢. It was found that the kinetic 


law for the “fast” reaction in bulk specimens is: 
x l (1) 


where / is a temperature-dependent constant and x 
was approximately 3.0 for all temperatures and 
concentrations investigated. 

Following Nystrém,‘*® we shall assume that X, is 
directly proportional to the total energy released at 


time ¢. That is: 


| 
2) 


where 7’, is the temperature at the beginning of the 


the 


0 


reaction (time is measured from instant of 


quenching) 
final temperature, 


temperature at time f. 


It is presumed that the small but definite energy 
released by the powder was due to precipitation in the 
small fraction of the particles that may have contained 
grain boundaries or inclusions. The apparent fraction 
of precipitation was calculated for the powder samples, 
using equation (2). The dependence of X, so calculated, 
on time is shown for a number of runs in Fig. 8. 
There seems to be no systematic and easily interpreted 
relation between X and ¢t. If the results are described 
by equation (1), varies from 0.8 to 2.0 for the various 


runs. 


about the powder results. 
the 


iso- 


6. Concluding remarks 
In all of the 


values of the 


thermally by the lead-tin alloys in powder form (that 


above-mentioned studies, then, 


precipitation energy evolved 
are freer of grosser imperfections) seem to be decidedly 
smaller, by factors ranging from about 1/10 to 1/400 of 
the transformation energies, than the values obtained 
for the bulk-polycrystalline specimens having the 
same composition. After some grain boundaries are 


introduced into the particles, by working (hammering) 
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PRECIPITATION IN LEAD-TIN ALLOY (7.7% Sn.) 
0.127 
POWDER (BEFORE COALESCING) 
WEIGHT OF PLATINUM CONTAINER= 1.1218 GRAMS 
WEIGHT OF ALLOY = 1.0937 GRAMS 
28.4 


AT = 0680 °C AT = 0.356°C 
Epp, * 8.86 CAL.(g-ATOM Epp,= 4.64 CAL.(g-ATOM)” 


| | 

60 80 20 

TIME (MINUTES) ——> 
AFTER COALESCING 


WEIGHT OF PLATINUM CONTAINER: |.01I70 GRAMS 
WEIGHT OF ALLOY = 08968 GRAMS 


323.0 
| RUN 2 


380+ 


AT = 12.528 370K AT=i2.272°C 
E pp, * 172.6 CAL. (g-ATOM)"! Epp,= 169.0 CAL. (g-ATOM) 


20 60 80 100 


a — TIME (MINUTES 


260 


Fic. 7. A comparison of temperature-time curves during precipitation react 
before and after coalescing 
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om O-O-O 
28.0 287 
O 
O 
O 
¢ 
27.66 20 40 40 60 80100 
Run | 
4 
1956 36.0 
35.0 | 
340 340r 
33.0 330 
320 320r | 
31.0 310} | 
30.0 300} | 
290 29.0} 
280 280r- 
270 | 
20 40 BO 80 oC 


AL 


Pb-Sn ALLOY 
FRACTION OF PRECIPITATION 
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POWDER (77% Sn) 
vs TIME 


traction ol Vs. time 


and recrystallizing (in the homogenization treatment), 


How- 


in none of these samples were precipitation 


the energ\ values are significantly increased. 
evel 
energies as large as those evolved by the same sample 
in the bulk-polyerystalline state. In considering even 
the qualitative aspects of this comparison, it should be 
the method of cold-working the 


pointed out that i 


powder was not an efficient one, (i.e. in all probability 


worked t 


of 


not | the particles became deformed, since we 


} 


ie sample by hammering the platinum 
(bh) ot the 


recrystallization annealed 


ol 


wall the containe1 many grain 


produced by 


houndai les 


during the homogenization treatment (especially 


ises Wwe cold worked the capsule prior to 
he; fol 


wwder, the precipitation energies would be greater if 


( where 


it treatment In general, a given alloy 


sample were cold worked immediately after being 


nogenized rather than before. Also. the rates of 


precipitation of the reaction would be greater while 
the 


In cases where the 


the “half life.” +. would be smaller for former 


sequence of operations see below) 
worked after homogenization, 


sample Was heavily” 


f transformation was still at most one- 


lf to one-third of the value obtained for the same 


the ( 


energy, 


composition of bulk-polycrystalline alloy 


B. Bulk-polycrystalline Specimens of Pb-Sn Alloy 


made to determine the effect of homogenization time 


The precipitation energy. An investigation was 


and temperature on the rate of precipitation in a 


bulk-alloy containing 7.5 weight per cent (atom 


90 


MINU 


for a Pb-Si 


0 40 
alloy powder sample 294°K. 


fraction 0.124) tin. The experimental conditions 
and the total energy F evolved in each experiment on 
different in 
In general, the F values are fairly constant 


three experiments are summarized 
Table 3. 
and agree fairly well with Nystrém’s results. 


homogenization. 
’) in the first 


However, 


minor trends. Thus, appears to 


decrease slightly afte 
Also, £ is definitely larger (by 7 to 10' 


there are some 


very each 


experiment after the specimen has been worked and 


recry stallized. 


») 


f(t), for the various runs, 


The kinetic law. X 


was calculated, using equation | 
%. Of course, the experiments are 


The relati ynships 


are shown in Fig. 


isothermal. However, the temperature 
of the precipitation 
reference 1) for the 
tested the agreement of the data with 


We found that the data were described 


not strict ly 


coefficient rate is not large 


(see temperature range used: 
therefore we 
equation (1). 


b and n are given in Table 3. 


vy (1) within experimental error, and the constants 
In general, » ~ 3 in 
calorimetric and 


How- 
than 


good agreement with Nystrém’s‘®? 


Turnbull and Treaftis’s™ resistometric results. 


ever, 2 appeared to be significantly larger 


3 (ca: 3.5) whenever the specimen had been worked 


the homogenization temperature just before 


quenching. 


at 


3. Effect of homogenization time and temperature 


on precipitation rate. Since the results are described 


fairly well by equation (1), with » approximately 3, 
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AND 


X, Fraction of precipitation 


[IPITATION 


Fraction of precipitation vs. time 
Successive 


run 


cold worked) 


for 


prope tional 


the 
the 


reciprocal of the time 7, 5 half-completion of 


precipitation is directly to 
precipitation rate (see reference 1) at any constant 
The 


v7 
the various experiments are also listed in Table 3. It 


fraction of precipitation. values found in 
is observed that 7,,. increases markedly with increasing 
Thus, T1/9 


times in sample 4A by homogenizing 


IS 


homogenization time and temperature. 
increased by 3} 


it for nearly 200h at 240-245°C. 


immediately decreased by a factor 


However. 7 


12 
greater than 2 
when the specimen is worked at the homogenization 
temperature just before quenching. 

These results are consistent with the idea that some 
of the crystal imperfections that initiate nucleation 
are annealed out of the specimen by prolonged 
heating at high temperatures. More specifically, since 
nuclei form preferentially at grain boundaries, the 
decrease in specific grain boundary area that might be 
effected the annealing for the 
observations. Then working the specimen eithe1 


during or before homogenization leads to recrystalliza- 


by would account 


tion which refines the grain size and hence increases 


the number of potential nucleation sites. Thus, it 


the 


for a bulk polyerystalline 


appears that prolonged inne 


the number .\ 


Call decrease 
10 or more, since is 


This 


grain-boundary are 


1/2 Varies 


variation 


spe cimen 


1 


Turnbull and Treaftis“ 


their precipitation rates and those of Bor 
tor the same composition and temperature 


on samples n the Slds — H 


perat 


ina i} 


homogenization time 
those of Borelius ef a Ho 
1/g 10% 


at temperatures 200 


ten ure 


with 


agree 


values of T a sper enh homogt nized 


an hou 220°C are in 


with the results of Turnbull 


very long annealing times (f L000 min 


tures 225°C, Was stantially 


[tis 


obtained by Turnbull and Tre: 
\ plot of 


homogenization time 


wher 


T1/9 VS log 
Is presented 1n 


Slds H 


successive run 2 and 3, the sample was homogenize 


the sample was in the 
and then quenched; while in run 4 the sample wa 


homogenized, worked, and then quenched. In run 
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TABLE 3. Precipitation energy in lead-tin alloy (Pb 7.5% Sn. polyerystalline) X, 0.124 


Homogenization 
E 
eal (g-atom)~! ‘12 
m (min) 
rime nn 
lemp. 
(min) 
Sample A 
289.54 297.82 169.6 
292.71 300.93 168.9 
297.95 305.96 164.9 
291.12 299.23 166.4 
290.38 299.49 181.3 
292.86 301.77 177.4 


999 24: 288.28 296.79 169.1 


Ey (bulk polyerystalline) 5 eal (g-atom)-}, 7 296°K (interpolated) (ref. 8) 


Sample B 
293.10 299. 169.9 3. 
295.42 302.2: 170.3 2 
292.49 299.2% 168.9 3. 
288.14 295.5 178.3 
3996 20 291.32 298.2 171.9 2. 
(bulk polyerystalline) 145 cal (g-atom)-!, 295 °K (interpolated) (r 
Sample C 
294.87 206.5 165.3 
301.15 312.45 164.0 
298.59 309.5 163.8 
290.21 302. 181.6 


295.00 306.77 169.5 


Ey (bulk polycrystalline) ~ 135 cal (g-atom)-}, 302°K (interpolated) 


Sample had been previously homogenized after solidification. 
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PRECIPITATION IN LEAD-TIN ALLOY (Pb + 7.5% Sn) 
POLYCRYSTALLINE SAMPLE C 


10. “Half-life” of the precipitation reaction for a bulk-polyerystalline Pb-Sn alloy 
as a function of homogenization time. 

Successive Homogenization 

run no. Total time (min) Temp. °C 
208 
1253 200 
15,690 197 
31 185 
2520 248 


508 
Run 
No. 
l Slds — H ~Q 
2 H, 
3 H -Q 
4 H,—-Q 
5 H —-Q 
6 H -Q 
7 H, + Q 4.76 30.1 
l H > ( 0 3.88 17.5 
2 H, — ¢ 4.85 1S.8 
3 H ~ ( 0 4.31 21.5 
4 C.W.—H ( 1.28 20.8 
5 H, — ¢ 4 4.29 21.4 
Ey ef, 8) 
Slds — H 3.30 11.0 
: H, —>@ 3.79 18.0 
3 H -~G 3 4.50 245 
C.W.—H 7 4.67 18.0 
H, Q 2489 248 2.75 3.83 21.9 
(ref. 8) 
4 
a 
N 
= 
7 
of 


DESORBO TURNBULL 


AND 


the temperature-time curve was taken after the 


sample had been homogenized and quenched (H 


> Q). 


Summary of Results 


1. A new calorimetric technique has been applied 
to the study of kinetics of precipitations in Pb-Sn 
alloys. The precision of the measurements amount to 
better than 2°, (room temperature) when comparing 
results on bulk-polycrystalline samples. 

2. Precipitation energies in powder samples, con- 
sisting largely of single-crystal particles, have been 
found to be 1/10 to 1/400 of the values reported for 
bulk-polyerystalline alloys of the same composition. 

3. The precipitation energy released by a powder 
specimen of Pb-Sn alloy could be enhanced by 
factors of up to approximately 100 by deforming 
the specimen. 

4. The total precipitation energy in bulk-poly- 
crystalline Pb-Sn alloys is influenced to only a small 
extent (~5°,) by continued homogenization or by 
deformation. 

5. Upon prolonged homogenization, the total 
precipitation energy released by powders worked and 
recrystallized falls to a negligible value. This result 
indicates that all the grain boundaries produced by 
recrystallization are annealed out of the small particles. 

6. The time 7,,. for half-completion of precipitation 
in bulk-polyerystalline alloy increases with increasing 


homogenization time and temperature. Recrystalli- 


zation of the specimen decreases 7,,. considerably. 


7. It is probable that the nuclei for cellular precipi- 
tation in large specimens form at grain boundaries o1 
within inclusions that may retain solid solutions with 


an orientation different from the matrix (e.g. as may 


KINETICS OF 


PRECIPITATION 


have been the case in Tiedema and Burgers’s experi- 


ments with single crystals). 
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FOURIER ANALYSIS OF X-RAY DIFFRACTION PROFILES OBTAINED FROM 
TANTALUM FILINGS* 


R. L. SCHOENING* 


Fourier analysis of the diffraction profiles obtained from spectrographically pure tantalum filings 
gave the following dimensions for the coherently reflecting domains: 170 A and 100 A for a hydrogen-free 
sample in the [110] and [100] directions respectively, and 160 A and 95 A for a sample containing 6-5 

cent hydrogen. The influence of the dissolved hydrogen on the line profiles is discussed. The 


he r.m.s. displacement with distance suggests a nonuniform distribution of hydrogen in the 


ANALYSE DE FOURIER DES PROFILS DE RAIES DE DIFFRACTION DES 
RAYONS X OBTENUES SUR DES LIMAILLES DE TANTALE 
analyse de Fourier des profils de raies de diffraction obtenues a partir de limailles de tantale 
spectrographiquement pur ont fourni les dimensions suivantes pour les domaines cohérents: 170 A et 
100 A pour un échantillon exempt d’hydrogéne, dans les directions respectives [110] et [100], et 160 A 
et 95 A pour un échantillon contenant 65°, d’hydrogéne. 
L’influence de ’hydrogéne dissous sur les profils de raies est discutée. La variation de la moyenne des 
carrés réduite avec la distance ére une distribution non uniforme de lhydrogéne dans le réseau 
] 


cristal 


FOURIER ANALYSE DER RONTGENREFLEXE VON TANTAL FEILSPANEN 

Fourier Analyse der Réntgenreflexe von spektroskopisch reinen Tantal Feilspanen ergab die 

n Gréssen fiir die koharent streuenden Bereiche: Fiir ein Wasserstoff freies Praperat 170 A in 
der [110] Richtung und 100 A in der [100] Richtung, fiir ein Praperat, welches 6,5 Atomprozente 
Wasserstoff enthalt, 160 A und 95 A. Der Einfluss des gelésten Wasserstoffs auf die Linienformen wird 
besprochen. Die Verainderung der Wurzel aus dem mittleren Verschiebungsquadrat mit der Entfernung 


deuted darauf hin, dass der Wasserstoff ungleichf6rmig im Kristallgitter verteilt ist. 


The shapes of the X-ray-diffraction profiles obtained filings, which passed a 325-mesh sieve, a suitable 


from filings of degassed and of hydrogenated tantalum — briquette was pressed. 

rods were investigated by Fourier analysis, following The sample charged with hydrogen was prepared by 
the technique developed by Warren and Averbach.“:? degassing a second rod at 800°C in a vacuum better 
Tantalum readily absorbs hydrogen, whereby an than 10-°mm Hg, and then connecting the specimen 
interstitial solid solution is formed which has the b.c.c. | tube to a measured amount of purified hydrogen. The 
structure of tantalum up to 12 atomic per cent hydro- specimen was kept in the hydrogen atmosphere for 


en according to Higg,.™ or up to at least 34 atomic forty hours at 600°C, for seven hours at 500°C, and for 


per cent according to Horn and Ziegler. A shift of | sixty-five hours at 400°C. By observing the change in 
he diffraction lines shows that the tantalum lattice is gas volume, it was found that the specimen had taken 
<panded by the absorption of hydrogen. The up 6.5 atomic per cent hydrogen.} After twenty-three 
nfluence of the hydrogen charge on the shapes of the days the rod was filed in liquid oxygen, and a briquette 
diffraction lines obtained from the cold-worked metal was pressed. 
is discussed in the following. Annealed specimens were prepared by filing one 
hydrogen-free rod in liquid oxygen and another in air. 
EXPERIMENTAL The filings were annealed for one hour at 1140°C, 
The hydrogen-free sample was prepared from a_ pressed into briquettes, and again annealed for one 
spectrographically pure tantalum rod, supplied by hour at 1140°C. In both cases a vacuum which was 
Johnson and Matthey, which was degassed at 2600°C better than 10 5mm He was maintained during the 
for half an hour in a vacuum of 10-*mm Hg. The rod heating process. Both annealed specimens showed 


vas mechanically filed in liquid oxygen, and from the very weak reflexions at d 2.36 A, which. according 


* Received December 21. 1955: revised January 16, 1956 * The author is indebted to Mr. A. J. Eve of the National 
- National Physical Laboratory, Council fo1 ientifie and Chemical Research Laboratory of the C.S.I.R. for carrying 


Industrial Research, South Africa out this experiment. 
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variation of t 

crystal lattice 

d 4 


SCHOENING: DIFFRACTION 


to the ASTM card index, is the spacing of the strongest 
TaH line. Owing to the faintness of the reflexion, it is 
not known whether this impurity was already present 
before the samples were annealed. 

Using CuXz radiation, the X-ray measurements were 
made on a Norelco diffractometer fitted with current 
and voltage stabilizers, specimen spinner, and curved 
quartz monochromator. The diffraction pattern was 
recorded from 24 l4° to 20 149° by setting the 


goniometer manually at intervals of 24 ranging from 


1” to 0.01°. The minimum number of counts taken at 


any setting was 1600. 


FOURIER ANALYSIS OF THE LINE PROFILES 

For the purpose of evaluating the Fourier coefti- 
cients, the corrected counting rates were plotted 
against 24. For every reflexion, two diagrams were 
drawn, one of these being an enlarged plot of the foot 
of the profile from the background level to an intensity 
value of about 3 counts/sec. For this diagram the unit 
of the Lipson and Beevers strips was made to corre- 
spond to 0.05 counts/sec as compared to a statistical 
error of about 0.03 counts/see for a background 
point. The second diagram represented the more 
intense part of the profile, plotted on a convenient 
scale. By this treatment it was endeavoured to 
include as much of the tails of the profiles as was 
experimentally possible. 

The interval from the low- to the high-angle termi- 
nation of a profile was divided into equal parts 
numbered from —60 to —60, with the zero point at 
the center of the Kx, reflexion. For the sharp 
reflexions. the zero points were fixed by inspection 
For a broadened profile, the overlapping of the Ly and 
%, reflexions and the presence of line shifts made it 
necessary to locate the zero point in the following 
manner: It was assumed that the diffraction broaden 
ing is symmetrical and that any line shift displaces the 
profile bodily. A provisional zero point was taken by 
inspection, and the absolute values C (A "2+ 
of the complex Fourier coefficients were evaluated 
The C, values calculated in this way for a slightly 
misplaced zero point are equal to the A. values for the 
correct zero point, because C,, is independent of the 
position of the zero point and C A, for symmetrical 


diffraction broadening. The amount of mislocation ¢ 


of the zero point is given by tan (27nc/120) BA 
The conversion of the number x to a length L 
representing a distance in the crystal lattice perpen- 
dicular to the reflecting planes, was done by using the 
relation L (sin sin 9”)-! where 0’ and 
are the angle values at } and ? of the Fourier interval 


Following the method of Warren and Averbach,” 


the 


into their strain and particle-size components by 


PROFILES IN Ta 


Fourier coefticients shown 


ting In A, versus (h? 


Assuming a Gaussi 


VA 


contribution 


and IS show 


j.2 


Fig | 


» 
} 
| \ 
4 
| 
| 
4} 
| 
2 | 
a < 
O 
O 
L (A - 
Fic. | Fourier ti 
evaluated Fig. 3 
\ 
\ 
| 4 
| 
6 + 
‘ 
| 4 
| 
AL 
4} 
| 
2 \ 
| 
° 
O 100 
L(A 
I ! eft 
tantalu nta o 6.5 ) 
Fourie! ( 


‘“ALLURGICA, VOL. 4, 1956 


DISCUSSION OF THE RESULTS 


The scatter of the points plotted in Fig. 2 makes it 
impossible to draw smooth curves for constant L 
values, which indicates that tantalum is elastically 
anisotropic. From the slopes of the curves shown in 


Fig. 3 the following average dimensions ZL of the 


coherently reflecting domains were calculated: 
Ta (degassed), 
= = 170 A. 


Ta 6.5 atomic per cent EB. 


95 A, 160 A. 


“100 


Within the error of experiment, the average sizes of 
the domains are the same for the two samples. 

Huang’s’ theory of X-ray diffraction from a solid 
solution containing elastic distortions distributed at 


random, predicts diffuse scattering around reciprocal 


lattice points, an artificial temperature factor, a shift 
of the diffraction lines, and no broadening of the Bragg 
reflexions. Because of the relatively small distortion 
produced by a hydrogen atom, diffuse scattering and 
Fic. 2 an artificial temperature factor could not be expected 

3. 
hydrogen-free specimen plotted against and were also not observed. A significant difference 
between the two cold-worked samples could be 
hydrogenated specimen plotted against 
detected neither by a statistical significance test of 
\. thirty-eight background points nor by a comparison 
of integrated intensities. The observed shift of the 
diffraction lines from the cold-worked, hydrogenated 
sample with respect to the lines from the cold-worked, 


hydrogen-free sample amounts to an isotropic expan- 


sion of 0.3°,. Referring to Huang’s theory, only 
deviations from the randomness of the hydrogen 
distribution can be expected to broaden the diffraction 
profiles. The r.m.s. displacements shown in Fig. 4 were 
obtained from the broadening of the profiles and, 
therefore, do not contain the isotropic expansion origi- 
nating from that part of the hydrogen charge which is 
distributed at random. Displacements of the value of 
0.003.L should be added to the data shown in Fig. 4 for 
the hydrogenated sample when the total effect of the 
hydrogen is considered. 

The r.m.s. value of the displacements of unit cells L 
Angstrom units apart is plotted in Fig. 4. For 


increasing values of L, the curves for the hydrogenated 


sample drop below those for the degassed sample. For 
small Z values, the curves tend to be the same. If 


these are real effects, they indicate: 


(i) Less unit cells are distorted in the hydrogenated 
Fic. 3. 


a , sample than in the hydrogen-free sample, and 
a) The particle-size contribution A . 


hydrogen-free 
sample plotted against L. 

b) The particle-size contribution A 
sample plotted against L. 


no (ii) the distortion of the affected unit cells in the 
ivdrogenatec 


I 
L 
P 
L 


hydrogenated sample is bigger. 


) CTA 
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SCHOENING: 


60 


Fic. 4. The value of displacements of unit cells L 
Angstrom units apart, drawn in full lines for the hydrogen 
free sample and in broken lines for the hydrogenated sample. 


r.m.s. 


The latter follows because the r.m.s. values for the two 
samples are the same for small values of L. A diffusion 
of hydrogen atoms from compressed regions of the 
lattice to extended regions can account for this obser- 
vation if the boundaries of the reflecting domains are 
not shifted by the diffusion process. The compression 


and extension will increase and will be concentrated in 


DIFFRACTION 


PROFILES IN Ta 


regions of changed hydrogen content It must be 


remembered that, for the hydrogenated sample, com- 


pressions and extensions were measured with respect 


to an undistorted but uniformly expanded tantalum 
lattice. 
The initial slopes of the curves in Fig. 4 represent 


the r.m.s. strains, and can be compared te vield 


strain obtained from values given by Bechthold® and 


A 


shown as a straight line in the figure 
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THE PINNING 


OF DISLOCATIONS BY X-IRRADIATION 


OF ALKALI HALIDE CRYSTALS* 


R. B. GORDON* 


of th 


is made 


and 


» effect of X-irradiation on the room-temperature elastic modulus | 


A. S. NOWICK? 


of NaCl 


11 


The modulus is observed to be unchanged by irradiation for well-annealed crystals, but may 


as much as 


when cold-worked crystals are irradiated. 


is demonstrated that the 


It 


modulus change on irradiation ccrresponds exactly to the elimination of the modulus decrease due to 


oscillatin 


r dislocation loops through the creation of pinning points along the dislocatioas. 


A quantitative 


theory is developed for the variation of modulus with X-ray dose. This theory assumes that vacancies, 


released within the volume of the crystal through the action of the radiation, migrate to dislocations and 


to ol 


the 


id makes possible 


tribute formation pinning points. 


experiment al 


dislocation loops prior to irradiation. 


LE BLOCAGE DES 


et irradiation X sur le 


est étudiés 


I 


ad une 


bien revenus, 


a calculation of the density 


DISLOCATIONS PAR 
dHALOGENURES 


module d’élasticité 


mais peut augmenter jusqu’a 7% de sa 


he theory appears to be in good agreement with 


of dislocations and the mean length of the 


IRRADIATION X DES CRISTAUX 


ALCALINS 


(s,,~') de cristaux NaCl a température ambiante 


Les observations montrent que le module reste inchangé par l’irradiation pour des cristaux 


valeur quand des cristaux écrouis sont irradiés. 


[I] est démontré que la variation du module lors de irradiation correspond exactement a |’élimination 


la 


décroissance 


long 
des rayons X. 


le 
des dislocations. 
la dose 
action de |] 


La 


dislocations et la longueur movenne 


VON VERSETZUNGE 
ALKALI 


NaCl-Kristallen 


VERANKERUNG 


n Autoren wurde an 


, auf den bei Raumtemperatur gemessenen Elastizitatsmodul (s,,~!) vorgenommen. 


Modul 


wenn 


dass der gut 


obachntet, 


r ansteigen kann, 


die 


Modulanderung infolge 


fen herriihrenden Modulabnahme, 


n Verankerungspunkte erzeugt 


Ront 


lurch die 


gendosis wurde eine 


quantitative 


lort zur Bildung von Verankerungsstellen beitrage 


den Experimenten zu stehen. Sie erméglicht eine 


Lai 


des anneaux libres de 


N 


eine 


ausgegliihte 
kaltbearbeitete 


die 


werden. 


Theorie entwickelt. 


Be 


du module due aux anneaux de dislocation oscillants, lors de la création de points 
Une théorie quantitative est développée pour la variation du module 
Cette théorie admet que les lacunes, libérées dans le volume du cristal sous 
la radiation, migrent aux dislocations et contribuent a la formation de points d’ancrage. 
ries semble étre en bon accord avec lexpérience et rend possible un calcul de la densité des 


dislocations avant lirradiation. 


DURCH RONTGENBESTRAHLUNG VON 


HALOGENID-KRISTALLEN 


Roéntgen 
Dabei 


Bestrahlung unverandert, dass er 


Untersuchung iiber den Einfluss von 


Kristalle bei 


Kristalle bestrahlt werden. Wie gezeigt wird, 


der Bestrahlung genau dem Abbau der von schwingenden Ver 


wird, dass entlang 
Moduls 


Dabei ist angenommen, dass Leerstellen, die 


dadurch riickgangig gemacht 


Fiir die Veranderung des mit der 


Bestrahlungswirkung im Kristallinnern freigeworden sind, zu den Versetzungen wandern und 


Die Theorie scheint in guter Ubereinstimmung mit 
rechnung der Versetzungsdichte und der mittleren 


re der Versetzungsschleifen vor der Bestrahlung. 


1. INTRODUCTION 


[Irradiation of an alkali halide crystal with X-rays 
usually results in the formation of visible color within 
the crystal, related to the creation of certain optical 
The of 
bands is the ““F band” which is due to the presence 
vf ‘F 


during the irradiation. 


ibsorption bands. most prominent these 


( centers’ generated in the crystal 


It 


S( »-called 


is known”) that an 


now 


* This research was supported by the U.S. Air Force through 
the Office of Research of the Air Research and 
Development Command. Paper received December 19, 1955. 
of Mines, University, New York, 
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Hammond Metallurgical 
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F center consists of an electron trapped at a negative- 


ion vacancy.§ The number of F centers formed in 


Q In an ionic crystal a negative-1lon carries an 
effective positive charge. Thus, 
into the conduction band by absorption of ionizing radiation 
in the crystal, it may be attracted to the vacancy where it can 
fall into a series of Absorption ot light in the 
F band occurs when this trapped electron is raised from the 
ground state to the first excited state. When a colored crystal 
is illuminated with light in the F’ band, the color slowly fades 
(“optical bleaching’’) because electrons raised to an excited 
state can be thermally released into the conduction band at 
room temperature. Other color centers may also be formed 
during irradiation. Among these are, for example, the V-type 


vacancy 
when an electron is released 


bound states. 


centers consisting of holes trapped at positive-ion vacancies or 
vacancies. Such centers, which give rise to 


in the ultra-violet, 


simple clusters of 
absorption bands will not be of primary 


interest here. 


4 
Be strahlur 
entspricht 
setzungssch]e| 


GORDON anpn NOWICK: 
alkali halide crystals by X-irradiation is far greater 


than that which can be accounted for in terms of 
the free vacancies originally present in the unirradiated 
crystals.“) Thus, 


generated during the irradiation. 


additional vacancies must be 


Because a change 


in number and distribution of vacancies is produced by 
X-irradiation, it follows that a study of the change in 


mechanical properties resulting from irradiation with 


X-rays provides a unique method for obtaining 
information concerning the interaction between point 
defects and dislocations. 

It has been known for many years that irradiation 
of alkali halides with X-rays produces marked changes 
in various mechanical properties of the irradiated 
crystals. Early experiments by Kusnetzow and 
Sementzow™ and by Podaschewsky™) have shown 
that 


greater than the breaking strength of unirradiated 


the yield-strength of irradiated rock-salt is 


specimens. Substantial increases in hardness of the 
alkali halides have also been observed to result from 
X-irradiation by Li™ and by Westervelt.©) These 
permanent 


Recent 


radiation-induced hardening effects are 
they are not reversed by optical bleaching. 
experiments’ have shown that for unfiltered radiation 
the hardness increase occurs only in the thin layer of 
the crystal close to the irradiated surface. 

Frankl discovered that irradiation has a marked 
effect on the internal friction properties of rock-salt, 
viz. that the amplitude-dependent part of the damping 
He found 
that this effects occurs throughout the entire volume 


is almost eliminated by a brief irradiation. 


of the crystals studied (in contrast to the hardness 
increase), and further observed that the amplitude 
dependence of the damping is not restored by optical 
In addition to the changes 


tne 


bleaching of the crystal. 


in decrement, Frank! also noted an increase in 


elastic modulus (measured at low-strain amplitudes) 


of about 0.1°, in some irradiated crystals. 


According to Frankl, the observed suppression ot 


the damping occurs because positive-ion vacancies 
which are freed during the irradiation, can pin down 
the dislocation segments responsible for the damping. 
(A positive-ion vacancy may be freed from a vacancy 
pair which dissociates when the negative-ion vacancy 
of the pair becomes an F center.) In considering this 
Seitz” that it is 


likely that the pinning is due to clusters of vacancies 


mechanism, has suggested more 


of both signs which condense near dislocations during 
irradiation at room temperature. 
three mechanical 


Unfortunately, the properties 


which have been investigated in greatest detail—yield- 
strength, hardness, and internal friction—are relatively 


difficult to relate quantitatively to the dislocation 


DISLOCATIONS OF 


ALKALI HALIDE CRYSTALS 


distribution. The effect of dislocations on the elastic 
moduli, on the other hand Is predicted by 


tative theory If 


quant! 
N is the density of dislocation lines 
(in lines/em? or total line-length per unit volume 
which are pinned down at regular intervals to form 
segments of length /, then 
Friedel," the 


phase with an applied stress results in a lowe 


according to Mott'® and 


movement of these segmen 
shear modulus of an isotropic material by 

Au given by 

Au 


u 


where &' is a slowly varying function of 
magnitude near 


this 


unity. In view of the simp 


result, elastic-modulus measurement 
appear to provide in excellent means for the 

gation of the pinning of dislocations by point defect 
The present investigation is directed primarily toward 
a detailed study of the increase in dynamic modulus 
X-irradiation of 


the 


which results from kali halide 


crystals In some of experiments 


also measured simultaneously 


friction is 


dynamic modulus 


2. EXPERIMENTAL METHODS 


Modulus Me asurements 
The 


dynamic 


modulus measurements are made by _ the 


method, using the three-part 
Marx 


this 1 


oOmposit¢ 
piezoelectric resonatol described by 
identical quartz crystals are used in 
one which serves 


and the other (the 


the 


vibration. 


indicates resulting amplitude of 
means of the voltage developed across its 
The driving crystal is excited by an a.c. si 


Phe 


‘tion, 1s 


from a variable-frequency oscillator 


whose length lies in a (100) direc 


in the fundamental longitudinal mod: 


measured resonant frequency of the 


resonator, the resonant Irequency on tl! 


lone, f,, may be calculated. The elastic « 


of the specimen crystal is related to the fre 


by means of the relation 


2L,™ 


where L is the length and pO the density of the 


specimen. (The quantity s,,~' may be regarded as the 


appropriate elastic modulus.) Thus, the relationship 
between a change in } and the corresponding ch iwnge 


in elastic constant is 


2A f./f A 8,,/8, 


nount 
— 
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The advantage of using the three-part resonator is 
that its resonant frequency, decrement (ratio of the 
energy-loss per evcle to the total stored vibrational 
energy), and maximum strain amplitude of vibration, 
can all be measured simultaneously. The decrement 
can be obtained with equal ease regardless of whether 
the damping is amplitude-dependent or not. From 
the measured decrement of the composite resonator, the 
decrement A, of the specimen alone may be ob- 
tained. Furthermore, the maximum strain-amplitude 
be caleulated from the 


in the specimen e¢, may 


voltage developed across the gage crystal. All of 


the measurements to be described were made with 


specimens which had a resonant frequency very 


nearly equal to 85 ke, and which matched the resonant 
frequency of the quartz crystals to better than 5°,. 
The the 


variable-frequency oscillator can be determined with 


frequency of signal generated by the 
a preeision of better than |] part in 10° by comparison 
This 


standard oscillator is in turn monitored by comparison 


with a quartz-controlled secondary standard. 


with a relerence-Irequency broadcast by radio station 


resonant 


The precision attainable in measuring the 


frequency of the composite resonator 
depends on two conditions. First, the total decrement 
of the resonator must be small so that the maximum 
of the resonance response curve can be found with 
precision. If the 
order of 10-° o1 


determined to within at least 1 part in 10° with the 


decrement of the specimen is of the 
less, its resonant frequency can be 
present equipment. Second, the composite resonator 


must be in thermal equilibrium. If the resonator is 


kept at the ambient temperature, as in the present 
experiments, its temperature must be measured and 
appropriate corrections to the observed resonant 
frequency made for departure of the temperature from 
as the reference temperature. In the 


that selected 


present case, the temperature of the resonator was 
measured by means of a small thermocouple mounted 
immediately adjacent to the specimen (the tempera- 
frequency of the 
that of the 


ture coefficient of the resonant 


specimen is substantially greater than 


quartz). The practical limit of error in temperature 


measurement by this method is 0.01°C, which 


corresponds to an uncertainty in resonant frequency 


of about 0.2 parts in 10°. 


Resonant-frequency measurements as a function of 


temperature were found to fall on a straight line. 


When the time-rate of change of temperature was less 


than 0.03°C/min, the data fell on the same straight 


line regardless of whether the temperature was 


increasing or decreasing; when the temperature was 
the 


changing more rapidly, it did not. Accordingly, 
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resonator was considered to be in thermal equilibrium 
with the thermocouple whenever the rate of change of 
temperature was less than 0.03°C/min. In order to 
make the necessary temperature corrections to the 
observed resonant frequencies, the temperature coeffi- 
cient of the resonant frequency of the composite reso- 


nator was actually measured for every specimen used. 


Specrme ns 


Almost all the experiments were carried out with 
the 


Company. The specimens used were free of mechanical 


crystals obtained from Harshaw Chemical 


defects and lineage structure, as revealed by the 
flatness of their cleavage planes. NaCl crystals were 
used in most of the experimental work. The spectro- 
scopic analyses of Harshaw rock-salt made in a number 
of different laboratories are reported by Duerig and 
Markham.“!) These crystals generally carry a small 
amount of divalent impurity such as calcium along 
with traces of trivalent impurities such as iron. 

The natural rock-salt used in some of the experi- 
ments was obtained from the Brush Mineral Collection, 
Yale Stassfurt 


deposits. 


University, and originated in the 
This material had a pronounced lineage 
difficult to 
suitable for modulus measurements. 


structure, making it cleave into bars 

Bars of the various alkali halides used were supplied 
by Harshaw cleaved to the same cross-section as the 
quartz bars used to make up the composite resonator 
(0.22 in.*), and were further cleaved to the proper 
length (about 1.03 in.) to match the frequency of the 
quartz driver-gage assembly. It was found possible 
to cleave with an accuracy of about 0.003 in. in 
most cases. Final adjustment of the length was made 
by grinding the ends of the bars on metallographic 
polishing paper. 

Specimens to be cold-worked were cut oversize by 
the correct amount and the ends coated with collodion. 
The plastic deformation was accomplished by com- 
pressing the bars lengthwise in a toolmaker’s vise. 
The collodion coating prevents the ends of the bars 


from splitting during heavy deformation. 


Irradiation 


The X-rays used for irradiation were obtained 
from a copper target Coolidge-type tube containing 
beryllium windows and operating at 39 kV accelerating 
potential and a tube current of 1O mA. Unfortunately, 
the power supply for the X-ray tube did not include 
a voltage regulator. so that normal fluctuations of the 
voltage taken from the mains resulted in about a 10°, 
fluctuation in the operating conditions of the tube 


over periods of the order of tens of minutes. 


4 
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Since the size of the X-ray beam was too small to 
irradiate the specimen uniformly over its length, the 
composite resonator was mounted so that it could be 
front of the The 


was a cam 


translated vertically in tube. 


translational motion obtained from 


follower running on a motor-driven cam. The cam 
was cut so that the resonator moved up and down 
with a constant velocity, its period being about 
15 sec. In this way the specimen could be irradiated 
uniformly without removing it from the composite 
resonator. 

The resonator assembly was mounted in a light- 
tight, air-tight box containing a drying agent. X-rays 
admitted 


It was demonstrated that the presence of this window 


were through an aluminum-foil window. 
in no way influenced the formation of color centers in 
the specimen upon irradiation. 


It was not possible to make resonant-frequency 


measurements during the course of irradiation because 


of the changing capacitance between the leads to the 


resonator and the light-tight box during the trans- 


lation of the resonator. 


caused erratic readings on the vacuum-tube voltmeter 


connected to the gage electrodes. It 
necessary to turn off the X-rays and stop the trans- 
Measure- 
the 


lation of the resonator before each reading. 


ments of resonant frequency showed that 
irradiation slightly perturbed the thermal equilibrium 
of the resonator, but that equilibrium was generally 
restored within a minute or two after the X-rays were 
turned off. 

In order to irradiate a specimen at low temperature 
the 


three 


it was necessary to remove it from resonatol 


The specimen was surrounded on sides by 
coolant by placing it in a re-entrant cavity formed 
on the side of the copper box containing the coolant 
This box had a volume of about one quart, and the 


The 


coolant used was either liquid air or crushed dry ice 


cavity projected into the box about one inch 


Radiation was admitted through an aluminum-foil 
window placed over the mouth of the cavity, the 
window serving to exclude both light and moisture. 

For bleaching experiments a 4.5-amp carbon are 
A pair of glass 


heat-filter 


lamp was used as the light-source. 


condenser lenses and a_ water-cell were 


included in the optical path. For bleaching at room 
temperature the specimen remained attached to the 
composite resonator, and the aluminum window of the 
dry box was replaced by a lucite one. No window was 
used to protect the crystal in the low-temperature 
during illumination at low 


box temperature; all 


water-vapor condensed at the mouth of the re-entrant 


cavity leaving the specimen completely dry. 
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This capacitance change 


was therefore 
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3. EXPERIMENTAL RESULTS 


General Characte) of the 


Radiation E ffe cts 


The effect of X-irradiation is to increase the modulus 


and to decrease the internal friction of NaCl ervstals 
The magnitude of the total ch inge in modulus or in 
damping produced by irradiation is sensitive to the 
history of the individual specimen under investigation 


Regardless of magnitude, howeve1 oth thes 
properties respond to irradiation in the manner show) 
in Fig 1. Here the 


terms of the change Af, in the 


modulus chang 
resonant 

the specimen, and the internal friction as the dé 
A The resonant frequency gt nerally decre: 
increasing strain amplitude of vibration 
measurements 


the 


frequency reported in Fig. | 


throughout rest of this paper), howeve1 


measured at low-strain an plitude S 
Fig. | 


beginning of irradiation the changes in frequency) 


where frequenc’ 


independent of amplitude shows that at th 


and 


doses 


decrement are very rapid, but with larger X-ray 


the and eventually 


The 


large strain amplitudes is decreased by irradiation to 


rate of change decreases 


“saturation” values are reached decrement at 


the same final value as the decrement observed at 


small strain amplitudes, i.e. the damping becom 
independent of strain amplitude, as was observed by 
Frankl. 

The frequency and decrement changes resulting fron 
X-irradiation are 


after 


permanent at room temperature 


irradiation to saturation, neither of thes 


quantities shows any tendency o return to 


preirradiation valu Illuminating a crystal 


white light after irradiation likewise 


either the frequency or the decrement, in spite 


fact that such illumination bleaches out 


coloration in the crystal 
The effects of irradiation on both the frequency 


the damping represent changes througho 


volume of the crystal (in contrast 


(6) 


increase’® which occurs only in a thin layer ne 


X-rays he 


the case ol he 


surface where soft ivily ab 


This 


from 


is evident in damping 
the 


specimen destroys all of the ampultude depend nt 


fact that irradiation on one tac 


That the modulus increase 


of the damping 


volume effect is demonstrated by irradiating 


on one face until the frequency change is 


complete, and then irradiating on the revers 
one ot the NaCl specinit No it 
for example, that Af, after irradiating on one fat 


Was 


hese changes are usuall 


at a given 


17 
| 
: 
JOLe 
4 
— 
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Fic. 1. Changes in resonant frequency, and in the decrement at two different strain amplitudes, of an NaCl crystal (No. 5) 
exposed to 39 kV X-rays. Experimental points were taken at time-intervals in geometric progression (VI1Z. at 0.5, 1, 2,°+°-: 


min) and lie on the curves shown to within the thickness of the pen line. 


50 min was 175 c.p.s., while irradiation on the back 
face to saturation produced an additional change of 
only 10 ¢.p.s. Further irradiation with higher-energy 
X-rays has no additional effect on the modulus, after 
saturation has been achieved with lower-energy 
radiation. 

Additional evidence on this point is supplied by 
an experiment in which a crystal was irradiated through 
a thin NaC! filter. The filter crystal, 0.080 em thick, 
was interposed in the X-ray beam in front of the 
specimen, and the resonant frequency and decrement 
measured as a function of dose. The filter is thick 
enough to absorb a substantial fraction of the incident 
X-ray intensity (particularly in the long-wavelength 
region). Nevertheless, the modulus and damping 
curves so obtained are completely equivalent to those 
obtained without a filter. This result shows that the 
changes in modulus and damping are produced 
throughout the volume of the crystal by the more 
penetrating (short wavelength) X-rays. 

Itisknownthat X-irradiation increases the length”? 
und decreases the density" of rock-salt crystals, so 
that some question may arise as to whether the changes 
n resonant frequency observed in these experiments 

in be wholly attributed to modulus changes. First 

should be noted that, for the present radiation 
sages, the density and dimensional changes are 
st probably confined to the layer less than 0.01 em 
ick at the front of the crystal, where the majority 
the incident radiant energy is absorbed,'® whereas 


resonant-frequency change resulting from irradia- 


tion has been shown to be a volume effect. Second, 
the magnitude of the dimensional and density changes 
produced by the relatively short irradiations used in 
these experiments are too small to account for changes 
in resonant frequency of the magnitudes found here. 
For example, the increase in length of about 2 parts 
in 10° found by Sakaguchi and Suita”? in irradiated 
NaCl would cause a resonant-frequency change of only 
| e.p.s. at 85 ke, which is within the experimental 
error of the present measurements. It is concluded 
that the resonant-frequency changes observed upon 
irradiation must be due entirely to changes in modulus. 

The modulus and damping changes resulting from 
irradiation have been measured in specimens of NaCl 
from four different lots of Harshaw crystals and from 
one natural crystal. The nature of the radiation 
effects produced in all these crystals was found to be 
the same; only the magnitude of the effects differed 
from crystal to crystal. 


Effects of Deformation and Recovery 


A crystal which has been annealed at 500°C for 
| h and subsequently handled with care is character- 
ized by a decrement which is almost amplitude- 
independent and by a modulus which is unaffected by 
X-irradiation. Curve A in Fig. 2 shows the decrement 
of a carefully annealed crystal as a function of strain 


amplitude. 


Crystals quenched from temperatures of the order of 


500°C show a somewhat higher decrement than the 


annealed crystals (equivalent to Curve B, Fig. 2), 
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Fic. 2. 
annealed; 


(A) fully 
and a small modulus increase upon irradiation. In the 


modulus-change 


condition the upon 


as-received 
irradiation and the damping prior to irradiation are 


Table 1 


frequency 


again higher than in the annealed condition. 
lists 
produced by irradiation. 


some of the changes in resonant 


When one of the specimens used for modulus 


measurements is compressed in the direction of its 


length, slip takes place on two sets of the {110} planes. 


Both the decrement and modulus of the crystal are 
changed as a result of such deformation. Curve B in 
Fig. 2 shows the decrement as a function of strain 
amplitude observed after a carefully annealed crystal 
has been compressed 0.04°,, while Curve C corresponds 


to this same crystal after a compression of 2.3°%. 


TABLE 1. Total change in resonant frequency produced 
in various NaCl crystals by X-irradiation 


Re 


covery 


Re 
Crystal covery 


tempera 
number 


Treatment 
time 
ture 


(min) ( 


annealed 

quenched from 500°C 

(as received) 

deformed 4.07% 150 
deformed 4.40 150 
deformed 2.00 5760 
deformed 2.14 
deformed 4.20 1700 
deformed 3.08 1936 
deformed 4.08 1440 
deformed 3.24 119 


B) compressed 0.04%; (( 


Internal friction of NaCl crystals subjected to various degrees of plasti 


compre Sse 


It is evident that the internal friction is increased 
markedly by small deformations and that the strain 
amplitude at which the decrement becomes dependent 
simultaneously 


of deformed 


on the amplitude of vibration is 


decreased. This behavior is similar to that 
metal cry 195) 
The elastic modulus of the compressed crystals is 


This cl 


not conveniently observed by direct measurement 


Is 


lowered as a result of the deformation 


because of the dimensional changes that accon 
the deformation; it becomes apparent, however 
the fact that the modulus increases spontaneou 


aftel 


time deformation. Corresponding] 


friction decreases on standing at roon 
Similar changes in modulus and damping 
been 


also 


plastic deformation have 


deformed metals,“® and are collectively 


Koster effect, after their discovere 
recovery of the Koster effect is such th 
time-interval the modulus increas« 


linear with the logarithm of time afte 


as is shown in Fig. 3. The decrement at large 
amplitudes decreases with time more rapidly than t] 
urves have 


at small amplitudes, while both decrement « 


the inverted S shape characteristic of recovery 


phenomenon involving a broad spectrum 
times 
Exposure of the deformed crystals 
increases the modulus and decreases the 
the same way as it does in the as-received and quenched 


cry stals, but the magnitude of the effects produced is 


| la 
C 
| 
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A 
0 
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lefoy ation 
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Af ite] 
4 
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g 100 123 
7 L100 129 
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6 20 720 
12 20 1945 
10 20 2150 
13 20 2870 
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the 


reference fre 


resonant 


frequency 
arbitrary 


measured from = an quency) and 


NaCl crystal (No. 6) at 


was compressed 1.2% at 


decrement of a plastically deformed 


temperature. The crystal 


room 


zero time. 


very much greater. The total changes in the resonant 


frequency of a number of crystals subjected to 
different deformation and recovery treatments prior 


Table 1. It 


noted that the largest changes reported correspond to 


to irradiation are listed in should be 
modulus changes of nearly 7°,. It is evident from the 
data presented in the table that the total modulus 
change produced by irradiation is greater, the greater 
the prior deformation and the less the prior recovery 
time. In addition to the amount of deformation and 
the recovery time, the modulus change observed in any 
particular crystal apparently depends on other factors 
such as the rate at which the crystal was deformed 
ind/or the part icular configuration of slip planes which 
happened to be active during the deformation (varying 
amounts of double slip were seen in all the crystals). 

The data on crystals 7 and 8 presented in Table | 
that at 100°C prior to irradiation 
substantially reduces the modulus effect produced by 


show recovery 


theirradiation. It has also been shown that no modulus 
effect is observed when carefully annealed crystals 
These that 


irradiation can only raise the modulus in crystals where 


ire irradiated. observations suggest 
the modulus has been previously lowered by deformation 
and not allowed to recover fully. In other words, the 
sum of the modulus increases resulting from recovery 
and irradiation should be the same in crystals which 
have been deformed the same amount, provided that 
care is taken to deform the crystals in exactly the 


same Manner. 
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An experimental test of the above hypothesis was 


carried out as follows. Two crystals (Nos. 12 and 13) 
were carefully deformed by nearly the same amounts 
and then allowed to recover for different lengths of 
time before exposure to X-rays. The resulting resonant- 
frequency changes on recovery and on irradiation are 
shown in Fig. 4 and in Table 2. The X-irradiation was 


TABLE 2. Comparison of frequency changes in two similarly 
deformed cry stals 


Crystal No. 


Per cent deformation 
Recovery time at 20°C (min 
Af. in recovery (c. 
Af, on irradiation 
Total Af 

> 


Corrected to 3.08%, 


p.8.) 


(C.p.8.) 


deformation 


both cases. The total changes in 


for two hours in 
resonant frequency of the two crystals agree to 
within 4°,. Even better agreement is obtained if a 


correction is made for the small difference in initial 


deformation of the two crystals, assuming a linear 
dependence of Af, on This 
correction is made in the last line of Table 2 as well as 
The 


excellent agreement obtained for the total modulus 


per cent deformation. 


in the plotted data for crystal No. 13 in Fig. 4. 


change of the two crystals, after correction, is un- 


doubtedly somewhat fortuitous in view of the 
difficulty 
exactly the same way. 

The which the modulus changes with 
X-ray dosage has been demonstrated thus far only in 
Fig. 1. 
vs. dose curves for crystals subjected to different prior 
treatments. For this 


define the modulus defe ct. ~. as 


in deforming two different specimens in 
manner in 
[t is now of interest to compare such modulus 


purpose it is convenient to 


(4) 
are the “‘saturation values” of the 


and of the resonant frequency 


where and f 
modulus 
f,, of the specimen attained after prolonged irradiation. 


The quantity ®, will represent the modulus defect 
at the start of irradiation. The relation between the 
modulus vs. dose curves for specimens deformed 
different amounts is shown in Fig. 5, where the relative 
modulus defect, ®/®,, is plotted against the logarithm 
of the irradiation time. It is seen that during the 
major part of the modulus change these curves are 
straight lines; also, within experimental error, curves 


for the different crystals differ from one another only 
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Fig. 4. spontaneous followe 


13). 


The effec recovery 
(Nos. 12 and 


Specimens were subjec té 


in such a way that they can be shifted into coincidence 


by a translation along the log-time axis. 


Effect of Irradiation Temperature 
Crystal No. 9 was irradiated at a temperature of 


42°C instead of room temperature. As is evident from 


Fig. 5, irradiation at this slightly elevated temperature 


does not change the form of the modulus defect vs. 
dose curve. 
Measurements at room te mi pe rature were also made on 


crystals irradiated at low temperatures. In view of the 


1.0 


[000 
MINUTES 


by X-irradiation 


to 


fact that Frankl reported a decrease in damping fo! 
crystals irradiated at a low te mperature and warmed 
the dark, but fol 
bleached 
to 


in not erystals irradiated ai 


1a 


optically at low temperature 


desirable out 
Accordingly 


strong 


carry simular experiments 


modulus changes some of 


were subjected to minatiol 


other Were 


The 


temperature irradiation, while tl 


up to room temperature In the dark 


given in T 


these experiments are 


Af 


ob 


IRRADIATION TIME, 
Relative modulus defect of deformed NaCl crystals subjected to X-irradiation 


Fic. 5. 
the identification number of the crystal measured. 
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Change in resonant frequency, measured at room 
resulting from I1-h irradiations at various 

All crystals deformed approximately 1.5°%, 
recover about 800 min before irradiation) 


TABLE 3. 
temperature, 
temperatures, 
and allowed to 


Irradiation Af Af 


temperature Illumination 
é corr) 
K) 


Crystal 


No. 


(obs) 


none 
none 
at LSO-K 
none 
at 
during warm-up 


upon irradiation, obtained by direct measurement 


Af. (corr) 


observed values to a standard deformation of 1.50°,, 


values are obtained by correcting the 


under the assumption of a direct proportionality 


between the total frequency change and the amount of 


deformation. This correction is generally quite small. 

In view of the difficulty in obtaining exactly the 
same modulus change in two different crystals, even 
for the same per cent deformation, it cannot be 
that 
between the modulus changes observed for crystals 
Nos. 18-22. 


results reported by Frankl, there is no substantial 


claimed there are any significant differences 


It should be noted that, in contrast to the 
difference between a crystal irradiated at liquid- 
nitrogen temperature and then warmed up in the dark 
(No. 21) and one irradiated and strongly illuminated 
at liquid-nitrogen temperature before warming (No. 
22). The smaller modulus change in specimen No. 23 
must, however, be regarded as significantly different. 
This crystal was irradiated in the usual way, but 
during illumination with the are lamp the water-cell 
heat-filter was removed and the liquid air in the 
low-temperature box allowed to boil away. In this 
way the crystal was slowly warmed up toa temperature 
somewhat less than room temperature over the course 
of an hour while it was simultaneously subjected to 
strong illumination. 

It was observed that much less color is 
produced by the same X-ray dose when a crystal is 
78°K of at 180°K or 


Furthermore, the color produced at 


very 


arribiated at instead room 
temperature. 
either 180°K or 78°K cannot be bleached appreciably 
at the temperature of irradiation even under prolonged 
exposure to strong illumination. Among the crystals 
listed in Table 3, 


crystal No. 23. 


bleaching was effected only on 


Other Alkali Halides 


to the modulus and 


NaCl, 


also 


In addition work on 


damping measurements were made during 


VOL. 4, 1956 


irradiation of KCl and LiF crystals. The observed 


response of the modulus and damping of KCl to 


X-irradiation was similar in all respects to that of 
NaCl. The decrement of plastically deformed LiF, 
however, is substantially less than that of NaCl and 
KCl, while the response of both its modulus and 
to X-irradiation is The 
resulting damping change is also small, as is to be 
expected in view of the fact that plastic deformation 
Never- 


theless, the magnitude of the modulus change upon 


damping much slower. 


produces only a small increase in damping. 


irradiation seems to be comparable with that observed 
in both NaCl and KCl. 


4. DISCUSSION 
The modulus measurements on cold-worked crystals 
show clearly that the modulus increase produced by 
irradiating NaCl crystals with X-rays corresponds 
exactly to the elimination of the modulus decrease 
(Koster effect) 
The Késter effect is known to be due to the presence of 


produced by plastic deformation. 
mobile dislocation loops produced during deforma- 
tion,” i.e. to the effect described by equation (1). The 
radiation-induced modulus increase must then result 
from the restraint of the motion of these dislocation 
loops, either through regrouping of the loops in the 
dislocation network into more stable configurations or 
by the pinning down of the loops at a finite number of 
points by the products of irradiation. Since X-irra- 
diation does not result in any appreciable gross heating 
of the crystal structure, it is difficult to see how the 
irradiation can produce a regrouping of dislocations. 
Consequently the modulus increase may be most 
reasonably ascribed to the formation of pinning 
points along dislocation loops; it may be that these 
pinning points are vacancies or clusters of vacancies 
located along the dislocations. 

An attempt will now be made to calculate the shape 
of the curves of modulus vs. radiation dose with the 
aid of a number of simplifying assumptions. Let ¢ be 
the fractional decrease in modulus (i.e. the modulus 
defect) in any given element of volume of the crystal 
due to the oscillating dislocation loops. Correspon- 
dingly, ® will designate the modulus defect of the 
the (This 
definition is then consistent with equation 4.) Let P 


crystal, resulting from dislocations. 
represent the total number of pinning points per unit 
volume created by irradiation, » be the number of 
pinning points per unit length of dislocation line 
(assumed for simplicity to be equally spaced), NV be 
the total length of dislocation line per unit volume, 
and x represent depth below the irradiated surface. 
Since the number of pinning points is, presumably, 


522 
18 298 235 241 
19 LSO 250 256 
20 180 403 310 
21 78 261 266 
4 
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a function of both dose (measured by 


irradiation, t) and depth, we write P(t,~). The linear 


density of pinning points as a function of dose and depth 


Is 


n(t.a) No P(t.a)/N (5) 


where v is the number of pinning points per unit 
length of dislocation line present before irradiation. 
Presumably the number x, represents, 


primarily, 


points where three dislocation lines intersect. 


Since ” varies with both ¢ and 2, the modulus defect 
¢ of an element of volume of the crystal will depend 
on both ¢ and x. The modulus defect for the whole 
crystal, M(t), observed at any time ¢ will then be the 
average of the modulus defect in each layer of the 
providing that ¢ l Thus 


crystal, every where. 


M(t) A(t.x) dx 6) 
where + is the thickness of the crystal in the direction 
of the incident radiation. 

In order to express ¢ (t,a) in terms of n(f,7) we may 
make use of the theory of the decrease in modulus due 
Mott Friedel] 


equation (1) becomes 


to dislocation loops devised by and 


Since n 
Au u 


which, as discussed in the appendix, may be written as 


where & is a slowly-varying function of x whose value 


» 


is about 2.5. Substituting equations (5) and (7) into 


(6). we obtain, 
dx 
(P(t) 
P(t,a)/N)* 
if £ is taken as essentially constant. Correspondingly, 


@,. the value of ® prior to irradiation, is given by 


Sa) 


the calculation further the 


of more detailed assumptions about 


To carry requires 
introduction 
Pi(t.2). The 


considered. 


following two assumptions will be 


number of points 


The 


created by the irradiation is assumed to be 


Assumption I: pinning 
pro- 
portional to the number of F centers created. Now, it 
is known from optical measurements'® that, at all 
depths in the crystal, the number of F centers per 
unit volume increases nearly linearly with irradiation 


time in the range of X-ray dosage required to bring the 


ATIONS OF 


the time of 
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modulus increase very close to saturation Thus it is 


possible to introduce the simplification that 
. 


where f(x) gives the dependence of the rate of coloring 
on depth 
ments'® that the initial rate of formation of F 


the 


It was also observed in the optical measure 
centers 
is essentially same in annealed crystals as in 
crystals deformed various amounts before irradiation 
Consequently, f(x) may be taken to be essentially th 
being c 


same in all the crystals which ar¢ msiaered 


here. Equation (8) combined with (8a) then be 


(D(t) 


(Dp h 


0 vV 


Thus the relative modulus defect, O(t)/@,, depen 
irradiation time and on the previous history of 
crystal only through variable t/Nn,. It is therefor 
anticipated that curves of ®/®, vs. log (irradiation 
time) for different crystals should differ from each 
ilong the log-time axis 


Fig. 5 


this prediction is indeed verified within experimental 


other only by a translation 


i.e. by a change in time scale). As shown in 


error? for crystals subjected to varying amounts of 
deformation and recovery 
If the 


change in time scale 


constant C is arbitrarily defined as 

required to bring all of the © D, 
vs. log-time curves into coincidence with the curve for 
crystal No. 6, the quantity C will be 
Nn,)=. 


can evaluate quantities proportional to N 


proportional to 
Utilizing this result and equation (Sa), we 
each crystal in terms of the know: 


,. Thus 


qu intities ¢ 


Values of these quantities ar 


the heading ‘Assumption for a number 


having different mechanical histories 

Lssumption Il 
show an initial rate of formation of 
essentially independent of the state of deforn 


that F 


during irradiatio1 


The fact that optical measurement 
centers 
anneal of the specimen implies centers 


formed at dislocation 


interpretatiol 


greater detail elsewhere 


3 
da 
| 0 
if(x)/Nn)? 
A 
N 
OC ¢ 
As), A 
“11 u's 
Nx@® ( 
0 0 ( 
which tl sper ist? elat t of th 
Consequentlv a 10-min irra { res 
It should be ted that tl . tal er te} 
@(t) is largest when pproaches z 
the difficulty in determining the ex t saturat le OF U 
+ The Sp of these optical data 1s ] 


modulus resulting from X-irradiation is 


Increase 


supposed to arise, however, from the pinning of 


lislocations by the action of the absorbed radiation. 
It is therefore conceivable that the modulus increase 
is due to direct interaction between the products of the 
excitons and/or free electrons and holes) 


though F 


If this were the case, 


irradiation 
und 


primarily formed in this way. 


dislocations, even centers are not 
the density of pinning points P created by the irradiat- 
ion would not be 
Assumption I) but rather to the 
density of dislocation lines NV. We 


state, for Assumption IT, that equation (9) still applies, 


F centers (as in 
may therefore 
except that f(2) is no longer independent of the 
histories of the various specimens, but rather that it is 
proportional to V. The result obtained under Assump- 
tion I, that the curves of O(¢)/®, vs. log (irradiation 


time) for crystals given different prior treatments are 


displaced from each other by translation along the 


log-time axis, is therefore still valid under Assumption 
II. However, the relative shift C of the curves is now 
proportional to n,~! and independent of .V (since the 
proportionality of f(z) to N cancels this quantity out 
of equation 10). 
Assumption II, in place of equations (11), 
N ©, 
12) 


wC 


Values of the quantity ®,C~? for various crystals are 
given in Table 4, under the heading ““Assumption II,”’ 
while the quantity C itself is already listed in an 
earlier column 

A choice the 


discussed may be made on the basis of a comparison 


between two assumptions just 


of numbers proportional to N and /, calculated in 


terms of these assumptions. For example, when the 


quantities ®,!°C ~~” for different crystals are com- 


pared, one finds that interpretation of the data in terms 


of Assumption I leads to the conclusion that 


increases roughly in proportion to the amount of 


deformation and decreases somewhat as recovery is 


yf the modulus changes in cold-work« 


Room 
tempera 


proportional to the number of 


Under these conditions, we obtain for 


-2 
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allowed to proceed. The values of (C@,)'/? show that 
/, is very nearly the same in all cases except one, viz. 
that of crystal No. 10. 
either deformed at a substantially different rate or 


This crystal was evidently 


else was very different in its history prior to deforma- 
large decrement 
10-8 for crystal No. 6) as well as its large 


tion. Its (15 as against a 
value of 4 
(),-value are consistent with the large value of J). 

On the other hand, interpretation of the data in 
terms of Assumption II leads to numerical values 
which are difficult to reconcile with the prior treat- 
ments received by the various crystals. A comparison 
of DC 2 for crystals Nos. 5 and 9 shows that WV is 
required to decrease by a factor greater than 10 
during recovery from 180 min to 5760 min for specimens 
deformed very nearly the same amount. It is difficult 
to reconcile such a large decrease in N as the result 
of this the fact that 


does not greatly affect other properties of the material 


recovery with such recovery 
(such as X-ray line broadening) which are sensitive to 
dislocation density. The large difference in values of 
®,C~? for crystals No. 6 and 10 is also difficult to 
explain, since the deformations and recovery times of 
these two crystals are very nearly the same. Finally, 


according to Assumption II, N would vary much 
faster than linearly with the amount of deformation. 
This result also does not seem reasonable. In general, 
then, it is seen that Assumption | leads to the most 
satisfactory agreement between the calculated numbers 
and / the histories of the 


and 


proportional to 
specimens. 
Evaluation of the integral in equation (10) requires 
knowledge of the form of f(x). Interms of Assumption I, 
f(x) should have the same form as the variation in the 
density of F centers with depth below the irradiated 
surface. This variation has been determined experi- 
mentally and found to be roughly proportional to the 
rate of absorption of X-ray energy at each depth in the 
crysta The this depth 


dependence is rather complex, but under the con- 


1,18) form of 


functional 
ditions of irradiation used in the present experiments, 


NaCl ervstals 


Assumption 


Assumption I 
CO, 


0.256 


0.505 


O.25S 
0.20] 

0.154 0.255 
0.265 


0.250 


O.068S 


0.067 


3 = = 
4 
) 
0 
TABLI $. Analysis « 
Crvstal Def. ture 102 ( oP 
No em 
recovel 10-5) 
("2 108 
6 4.20 L700 1.68 1.00 16.8 32.0 3.61 
10) 4.08 1440 5.02 2.47 8.22 25.0 7.04 
2.14 1.65 3.65 19.2 3.6] 
) 2.00 5760 0.495 3.79 0.343 8.5 3.75 
is 0.413 3.79 0.287 8.3 3.53 
rece ved 
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ALKALI HALIDI 


1.0 


IRRADIATION TIME , 


Comparison of calculated and observed relative mo 


Points, « 


Fic. 6. 


Curve, calculated 


may be roughly approximated over a_ substantial 


range of depths by an exponential. Hence we 


f(x) ~ Ae (13) 


is the effective absorption coefficient of 
Making this 


in equation (10), the integration may be carried out to 


where y 


X-rays in the crystal. substitution 


obtain 
Kte 
Kt)e 


(t) 


(14) 


A Nig. 
side of equation (14) has the property that, in a plot of 
@(t)/P, vs. log (irradiation time), the factor y deter- 
mines the shape of the curve while A only determines 
The best fit of 


where K The expression on the right-hand 


its position along the log-time axis. 
equation (14) to the data of Fig. 5 is obtained with 


y 9.5cem~!. Fig. 6 shows the theoretical expression 


fitted to data for crystal No. 6, using this value of 


and K l. 1 Values of AK for the other 
crystals are proportional to the values of C given in 
Table 4. 


The value of y obtained by means of this analysis 


76 min 


agrees, within experimental error, with a rough value 


obtained from optical measurements on similarly 


irradiated crystals. It is also equal to the absorption 
coefficient of NaCl for X-rays of wavelength 0.55 A 
This falls to that 


intensity in the continuous spectrum of the X-rays 


wavelength close for maximum 
used. 

Assumption I may be expressed by the statement 
that # F centers are formed for each pinning point 
Then, the 


assumptions of equations (9) and (13), the number of 


created by irradiation. according to 


F centers generated per unit volume per unit time at 


write 


5 10 
MINUTES 


tulus detect 


xperime! tal 


Be where B }A. The 


obtained trom optical data on the rate 


depth x 1s quantity B 
may be 
formation of F centers at a given depth in a rock-salt 
crystal irradiated in the same way as the modulus 
data’ B is 
The 


Sa) provide two equations in NV 


specimens. From such found 


1.5 


equation 


which when solved for these quantities give 
N ED, 
BEK®,/B)' 
Since all the quantities on the right-hand sides of the 
above equations are known except >, the qual 


Np and 


mental results 


may be determined from the experl- 


Values for 


the final columns of 


thes 


Table 4, caleul 


qual tities 


displayed in 


with & 2 


5 (see Appendix 


Comparison of the values of Vp and 


and Y sugg 


presented in Table 4 for crystals Nos 
that the annealing out of the modulus defect p1 
by cold-working results from a decrease in .\ 


/, remains about constant. This result 


0 


to the suggestion previously advanced 


to which this recovery effect is the result of re 


ment of the dislocation net work generated 


mation into a more stable configuration 


recovery results from a decrease in / rather 


decrease in Further experiments alon 


lines would he most desi ible 


Values for #, the number of F centers pet 
point, which fall in the range from 1 to 100 
appear to be reasonable. For cry stal No. 6 (de 
4°") N values of 3 LO’ and | 


values ol LOO and 500 atomic distance es correspond t 


108 em 


) l and 100 respectively A comparison of these 


results with Harper's estimates of dislocation densities 


0.8 
| 
| 
° 
| 
0.4 
| 
4 
— 
Lie 
4 
lefor 
nd 


METALLU 


in lightly cold-worked iron,“ favors values of near 
on the other hand. to obtain a reasonable value 
Table 4) 


unity: 
for 


would require a relatively high value for /. 


for the as-received crystal (No. 4, 


Since Assumption II above has been ruled out, the 


results of the preceding analysis support the hypothesis 
already developed on the basis of optical data,‘® 


viz. that vacancies are not generated at dislocations 


during short-time X-irradiation, except in a layer of the 


specimen less than 0.01 em thick adjacent to the 


irradiated surface (the region of “slow -type” coloring). 
This thin layer near the surface does not appreciably 
influence the observed modulus defect which derives 
from the entire volume of the crystal, as demonstrated 
in these experiments. 

If vacancies which produce the pinning of dis- 
irradiation are not generated at 


locations during 


dislocations, what then is their source? According to 
Frank] and to Seitz.) positive-ion vacancies, liberated 
from vacancy pairs (or larger aggregates) when the 
negative-ion vacancy of a pair becomes an F center, 
may migrate to the dislocation lines, where they may 
act as pinning points either individually or after 
It appears that the jump- 
NaCl at 


allow 


condensation into clusters. 
frequency of positive-ion vacancies in room 


temperature is great enough to vacancies 


liberated in this way to reach dislocations.* 

Since the above mechanism of dislocation pinning 
involves vacancy diffusion, no modulus change is to 
be expected when irradiation and modulus measure- 
ment are both conducted at low temperatures. If, as 
in the present experiments, a crystal is irradiated at 
first 


warmed up without 


the 


low temperature and 


bleaching out the color centers, usual modulus 


change may still be observed at room temperature. 


This is due to the fact that dissociation of vacancy 


pairs will have occurred during irradiation at the 


low temperature, leaving the positive-ion vacancies 
free to migrate to dislocations during the warm-up 


period. This explanation accounts for the results of 


the low-temperature experiments on cry stals Nos. 19 
nd 2] (Table 


bleaching of F centers formed at 78°K or 180° K during 


Since there is no appreciable 


illumination at the temperature of irradiation, 
it is no surprise that the same modulus change is 
btained even when the specimens are illuminated 
before warm-up (crystals Nos. 20 and 22). Only in the 
case of illumination during slow warm-up (crystal 
No. 23) is the 


substantially reduced. This result may be explained 


room-temperature modulus change 


* Positive-ion vacancies have asignificantly lower activation 


energy for migration than negative-ion vacancies in most 


alkali halides.” 
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if it is assumed that during warm-up the bleaching 
process takes place before the positive-ion vacancies 
become mobile. When an electron is released from 
a negative-ion vacancy by the action of light quanta, 
charge and is then 


this regains its net 


electrostatically attracted to the positive-ion vacancy 


vacancy 


with which it was originally associated. Thus, as soon 
as the specimen reaches the temperature range in 
which vacancy mobility begins, recombination will 
take place. The fact that there is a small change in 
modulus in crystal No. 23 shows that recombination is 
not complete, i.e. some vacancies escape and produce 
pinning. On the other hand, when warm-up is in the 
dark, there is no electrostatic attraction, so that 
positive-ion vacancies are free to migrate when the 
temperature becomes sufficiently high. 

The decrease in damping due to irradiation seems 
to be due to the same cause as the increase in elastic 
of the 


fact that substantial bleaching does not take place at 


modulus, i.e. to dislocation pinning. In view 
liquid-nitrogen temperature, it is difficult to see why 
the damping was not suppressed in Frankl’s experi- 
ment in which a specimen was first irradiated and 
illuminated at 78°K, then warmed to room tempere- 
ture. Since Frankl illuminated his crystal with an 
ordinary incandescent lamp placed close to the speci- 
men,°) it is suggested that the light-source employed 
by Frankl warmed the crystal up to the range of 
temperatures where a substantial amount of bleaching 


could take place. 


5. CONCLUSIONS 


1. Pinning points on dislocations are created 
during X-irradiation of an alkali halide crystal at room 
temperature through the release of vacancies within 
the volume of the crystal and the migration of these 
vacancies to dislocations. 

2. Relatively few pinning points are produced in a 
crystal irradiated at 78°K and slowly warmed up 


Under 
which 


under strong bleaching illumination. these 


were 
the 


conditions vacancies of opposite sign, 


originally dissociated through the action of 
radiation, may recombine. 

3. The dislocation density calculated from curves 
of modulus vs. is of the 


108-10% cm~* for a crystal deformed 4°,: 


irradiation time order of 
the corre- 
sponding mean length of free dislocation segment is of 
the order of 100 atom distances. Upon recovery at 
room temperature, there appears to be a substantial 
decrease in dislocation density. 

4. The pinning of dislocations by vacancies is by no 
means restricted to ionic crystals. Recent experiments 


show that excess vacancies produced in metals by 


GORDON ann NOWICK: DISLO‘( 
neutron irradiation?” and by quenching from elevated 


temperatures) also result in dislocation pinning. 
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Appendix 


The factor &’ which appears in equation (1) is given 


by 


vy tor 
This 


result applies to an isotropic medium. The quantities 


where € = | for a screw dislocation and ( = | 


an edge dislocation, » being Poisson’s ratio. 
ry and r, are the radii of the inner and outer surfaces, 
respectively, of the doubly connected region used 
in calculating the stress field around a dislocation line. 
Since in the case of a short segment of dislocation of 
length / the calculation of the stress field should only 
be carried out to a distance of about / from the dis- 
location line, r,; may be taken as approximately equal 
to /. The value to be taken for ry, is somewhat more 
uncertain, but according to Cottrell’ should be 
chosen to be several times the Burgers vector, i.e. 
10-7 


network will be made up of segments having partly a 


about em. In a real crystal the dislocation 
screw character and partly an edge character; never- 
theless, ¢ will still be of the order of unity, since 
y = 0.3. 
/, €’ is taken to be a constant in the present calculations. 
In the specimens being considered, / has values ranging 
between 10~-° and 10~®, so that will be approximately 
equal to 3. 

The elastic modulus which is measured in the present 
case is s,,~!, whereas the shear modulus y on the {110} 


slip planes is given by 


It is this shear modulus which properly belongs in 


equation (1) if an attempt is to be made to introduce 


LATIONS OF 


Because it is but a slowly varying function of 


ALKALI HALIDE CRYSTALS 
Even though it is known that the motion 


affect the 


anisotropy. 


otf dislocation loops does not cubical 


compressibility there is not enough 


about the motion 


dislocation 


on the compliance constant Say to make 


information effect of 
possible a 
a change in and 


Detailed 


calculation of the relation between 
a change in the measured compliance s,, 
surround the 


analysis of the atomic forces which 


This 


dislocation loops would he required 
information 
Instead. it seems desirable to adhere to 


approximation. The measured modulus 


sponds to Young’s modulus, Y, and 


AY \Au 


u ok! 


where k& is the bulk modulus. Thus, by 


equation (1), 


where 


Using the measured values of $418 
values for uw and &, it is found that 
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STRUCTURES OF LITHIUM-MAGNESIUM 
LOW TEMPERATURES* 


CRYSTAL 
ALLOYS AT 
S. BARRETTT 

The crystal structures of Li-rich Li-Mg alloys uniquely offer the possibility of testing theories of the 
influence of valence-electron concentration on hexagonal axial ratio in the range 1.0—1.16 electrons per 
atom. The body-centered cubic phase at 78°K has a, 3.475 Afor Li 13-4 atomic per cent Mg and 
3.474 for 19.7 atomic per cent Mg, and the face-centered cubic phase at 78°K resulting from cold work 
has a, $.381 and 4.375 A respectively for the same compositions. The phase appearing on simple 
cooling was fully accounted for as close-packed hexagonal with stacking faults and with a and ¢ lattice 


dimensions at 78°K as follows, respectively, for the atomic per cent Mg compositions listed: 
5.079 and 3.107, 
fe 


5.0638: 


5.083. 


50 
12.5%, 
) 


Distortion ¢ 


A; 3.098, 
16.3%, 3.104, 


observed in 


3.099, 5.074 
O73: 
Goodenough, 


developing a quantitative theory are pointed out. 


8.82 
3.098, 5. 


was 


CRISTALLINES 
AUX BASSES 


STRUCTURES 


3.110, 


DES 


none of the alloys; 


ALLIAGES 
TEMPERATURES 


4.6%, 


5.073; 13.4%, 3.098, 5.073 and 


1.633 by stresses, proposed by 
1.6356. Difficulties of 


a to less than 


the mean axial ratio was 


LITHIUM-MAGNESIUM 


Les structures cristallines des alliages Li-Mg riches en Li offrent la possibilité de vérifier les théories 


de Vinfluence de 
1,0 a 1,16 électrons par atome. 
Mg et a, 3,474 pour 19,7% 


domaine de 


Li 13,4% at. at. 


La phase cubique a faces centrées 4 78 K résultant d’un écrouissage a des axes respectifs de a, 


t 4,375 
La phase apparaissant au cours du simple 


\ pour les mémes compositions. 


des défauts d°empilement et des dimensions a et ¢ qui, a 78°K, sont 


5,074 A; 


%, 3,104, 5,083. 


4.6%, 


3.098, 


compositions: 3.099, 


3,098, 5,073 et 5,073; 16,3 
La distorsion de c/a jusqu’a moins de 


dans aucun des alliages étudiés; 


théorie quantitative sont exposees. 


KRISTALLSTRUKTUREN VON 
TIEFEN 
Kristallstrukturen der Li-reichen 


la concentration en électrons de \ 
Pour la phase cubique centrée a 78°K, a 


Mg 


8.8%, 3,098, 5,063; 


le rapport d’axes moven est 1.6356. 


LITHIUM 
TEMPERATUREN 


Li-Mg-Legierungen 


alence sur le rapport des axes hexagonaux dans le 


3,475 A pour 


4.381 


refroidissement a été trouvée hexagonale compacte avec 


les suivantes pour les différentes 


12.5%, 3,110, 5,079 et 3,107, 5,073; 13,4%, 


1,633 par tension, proposée par Goodenough, n’a été observée 


Les difficultés de développer une 


MAGNESIUM-LEGIERUNGEN 


bieten eine einzigartige Moéglichkeit zur 


Nachpriifung von Theorien iiber den Einfluss der Valenzelektronenkonzentration auf das hexagonale 


Achsenve 
Phase hat bei 


Atomprozent Mg 


fiir Li 13, 
3.474 A. Die 


78°K 


rhaltnis im Bereich zwischen 1,0 und 1,16 Elektronen pro Atom. 
4 Atomprozent Mg die 
kubisch-flachenzentrierte Phase, die bei Kaltverformung entsteht, 


weist fiir dieselben Zusammensetzungen Werte von a, 


Abkiihlen auftretenden 


einfachem 


mit eingelagerten Stapelfehlern und hat bei 78 °K fii 
099, 5,074 A; 


tundec: 4,6%, 3 


5,073 und 


folgenden Gitterkonstanten 


und 3,107, 5,073; 13.4%, 3.098, 


Phase wurde genau 


3,098, 5, 


Die kubisch-raumzentriert 


Gitterkonstante d, 3.475 A und fiir 19.7 


4.381 bezw. 4.375 A auf. Die Struktur der bei 


ist hexagonal dichtest gepackt 


bestimmt; sie 
Mg Atomprozentgehalte die 
12,5%, 3,110, 5,079 


Bei keiner der Leg 


die angegebenen 
8,8%, 3,098, 5,063; 
3.104, 5,083. 


rie- 


16,3%, 


rungen wurde beobachtet, dass c/a, wie von Goodenough vorgeschlagen, durch Spannungen auf weniger 


1.633 gestaucht wird; 


das mittlere Achsenverhaltnis betrug 1.6356. 


Abschliessend wird auf die der 


Entwicklung einer quantitativen Theorie entgegenstehenden Schwierigkirten hingewiesen. 


1. INTRODUCTION 


A method of computing lattice constants from 


powder-diffraction patterns of hexagonal crystals that 


contain many stacking faults is proposed which makes 
use of current knowledge of the effects of faults on 


diffraction lines. Since unit-cell axial ratios in 


hexagonal alloys have lately become the subject of 


theoretical investigations aimed at prediction of the 


* 27, 1955. 
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ratios and interpretation of them in terms of Brillouin 
zone concepts, it is of particular importance to obtain 
observed ratios in the range of electron concentration 
between | and about 1.14 valence electrons per atom. 
The only known alloy system covering this range is 
the Li-rich Li-Mg solid solution, in which a portion of 
the to faulted 
hexagonal structure from body-centered cubic on 


material transforms close-packed 


cooling to low temperatures, and to faulted face- 
centered cubic during deformation at low tempera- 
3) 


tures. ' Patterns from these alloys (both from the 


— 
4 
Di 


ST] 


CRYSTAL 
current and the earlier investigations) were analyzed. 


with the results reported herein. 


Preparation of Samples 
The from C.P. 


electrolytic magnesium of 99.88°;, purity from Dow 


Li-Mg samples were prepared 
Chemical Co., and C.P.-grade lithium of purity esti- 
mated spectrographically as 99.9°,,.. Each sample was 
cut, weighed, and sealed in an iron capsule with a 
tight-fitting screw-cap while in a dry box filled with an 
after 
inversions of the capsule) and quenching, each alloy 
L80—200°C, 


argon atmosphere; melting (with several 


was homogenized 20 hr at then cut from 
the surrounding iron on a lathe, pounded into a 
recess in the specimen holder of the X-ray instrument, 
scraped flat and clean, and then annealed under oil 
(15 min at 130-140°C) to produce a strain-free fine- 
grained state. The holder was then fastened into the 
vacuum chamber of the cryostat, while the specimen 
was covered with a slight film of octoil to limit 
tarnishing. Additional samples were prepared without 
homogenizing and strain-relief annealing; the results 
with these are perhaps less reliable as to the absolute 


value of the parameters, but are worth reporting. 


Ex pe rimental Methods 


The specimens were mounted in a recess in a copper 


block that was surrounded by radiation shields and 


centered in an evacuated cryostat mounted on a pre- 


cision X-ray spectrometer, the details of which are 


given elsewhere.“ Filtered copper (or occasionally 
cobalt) characteristic radiation from a current- and 
voltage- stabilized X-ray tube entered and left the 
cryostat through plastic windows and slits in the 
radiation shields, and were recorded automatically by 
a Geiger counter connected conventionally to a 
recorder. 

A stainless-steel rod entered the cryostat through a 
ball-and-socket joint and sylphon bellows. The end 
of the rod was shaped and sharpened so that it could 
be used to cut off an oxide layer from the specimen, 
to cold-work the specimen to a depth of the order of a 
millimeter, or to rub the surface of the specimen 
smooth in preparation for X-raying. 

Nelson-Riley extrapolation was used for lattice- 
constant determinations, and probable errors were 
the 


making the extrapolation. 


estimated from uncertainties encountered in 


The Transformations of Li-Mg Alloys 
The ordinary BCC phase in these alloys transforms 
on cooling to liquid-nitrogen temperature (78° K) pro- 


vided the magnesium content does not exceed about 


ALLOYS 


10 weight per cent, according to the 


This is the 


earlier 


confirmed in present 


SET LE 
$3.2 


gnesium 


alloy transformed and the 
Both 35.2 and 45.2 mi 


| 1 


not. 
formed to FCC when cold-wo1 
alloy that had not been homogenized o1 
failed to transform on cooling to liquid-nitro 
liquid-helium temperatures or on cola work 
78°K or at 37°K, but did contair 
after cold 


retained 


working at 4°K 


unchanged in amount as 
warmed up to at le: 


to the BCC phase by the time the 1 


ist 230°K, but had revert 
ul 


reached 20°C, about as expected from earlie1 


Lattice (Constants of the Bi C' and Ph 
An alloy of Li °° Mg 
cold X-rayed 


perature lattice 


13.4 atomic pel 
at liquid-nitrogen 
BCC 


worked and 


gave constants for and 


phases as follows 


0.002 A 
0.003 A 


a 


a at 78° K 


$1.96 


changing 


volumes 
the 


ot 


the unit-cell being V 
V ec 


than 


volume atom 


the 


S408. pel 


the error measurements during 
transformation. 

An alloy of Li }.29, Mg 
cold 


ture 


worked and X-rayed at liquid-nitrogen ten 


atomk p 


vave 


3.474 0.002 A 


0.003 A 


wain a change of volume pe 


experimental error. The waveleng 


throughout the work was | 


Lattice (Clonstants of the ¢ PH Phase 
The Nelson-Riley plot for the BCC 


as the plot for correcting the remaining 


phase \\ 
ines O 
all lines appearing 


patterns. It was found that 


appreciable intensity in the simply-cooled specimet 


close- pat 


could be given indices appropriate to a 


hexagonal structure. The strength and sharpness of 
the hexagonal 002, 110, 112 


relative to the others suggested 


ind sometimes OO4 pe 


that the hexagol 


phase contained numerous stacking faults 
the 


the shifted position of the hexagonal 100 


was confirmed by the breadth asvmmet 


The axial ratio of the CPH phase was dete 


mined from peaks that were unwidened and unshifte: 


peaks. 


UCTURES OF 29 
| 
Val 
4 
a 1.375 Ge at 78 K 
11.93 A3 83.74 A 
] 4] 4 
th of Culs 
54178 
OOo 
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faults, namely, 110 and 112, omitting 002, 


since this was too close to BCC 110 for good resolution, 


by the 


and using the 002 and the very weak O04 peaks as 
separate approximate checks on the determinations. 
(This procedure had led to lattice constants different 
but 


from those originally proposed™: * for lithium, 


takes account of the effects of faults on the pattern to 
aid in its interpretation.) 

An objection may be anticipated with regard to the 
present method of interpreting the patterns from 
alloys that have simply been cooled: if an alloy con- 
tained an appreciable FCC phase in 
addition to the CPH, and if 220 and 311 FCC lines fell 


exactly on the 110 and 112 CPH lines, respectively, 


amount of 


the F( ‘C component would tend to make the CPH lines 
appear to be in the position for ¢/a 1.633 and could 
mislead the investigator regarding the hexagonal axial 
The answel 


ratlo to this objection is that there is no 


evidence of any well-developed FCC phase in the 
cooled alloys, since the FCC 200 line is absent in these 
samples when they are not cold worked (although this 
line appears strongly after cold working); therefore it 
can be assumed that no appreciable ‘C component is 
altering the position of the CPH lines on which the 
The method cold 


working a CPH alloy of Cu-Ga of accurately known 


Cia ratio is based was tested by 


c/a ratio, and was found to be reliable 
The alloy ot 35 2 Meg 13 } atomic per cent) gave, 


In one run at sds KW, 


a 3.098. ¢ 5.073 A. cla 1.6375 


observed spacings as corrected by 


BCC 


Table 1 lists the 
Nelson-Riley interpolation 
Gen 3.475 A, and 


leulated tol 


trom 


the 


peaks using 


gives in last column the 


spacings Ca the above lattice constants. 


The same alloy on a second run gave the same 


lues (though the accuracy was not such as to lead 
to expect this 


a 3.098 ( 


1.6375. 
‘he volume of the unit cell was 42.16 A®, greater than 
the calculated volume of the BCC cell by slightly more 


than estimated errors 


90 
sl- 


ulated values for 


VOL. 4, 1956 
Data read from the charts of the earlier experi- 


ments) and 
Nelson- Riley plot through the BCC data of the same 


chart, vielded the following results for 78°K: 


corrected by an interpolation on a 


Li—14.5°,, Mg (4.5 atomic per cent): 


3.099, c= 5.074A, c/a 1.638 
Meg (8.8 atomic per cent) at 78 &: 
5.063 A, c/a 1.634 
Mg (12.5 atomic per cent): 
5.079 A, c/a 1.633 
5.073 A, cla 1.633 
40.6°,, Mg (16.3 atomic per cent): 
1.637 


3.104, 5.083 A, cla 


The probable error in the above values, unless noted 


otherwise, is estimated to be 0.001 to 0.003 in 


values of a, +-0.002 to 0.005 in c, and +-0.002 in c/a. 
For comparison, we quote values for lithium we 


have obtained by the same methods at 78°K: 


3.491 + 0.002A Vy, 42.54 AS 


O.0OLA 0.009 


5.093 


3.111 


V cpp = 42.69 A 1.637 +- 0.002. 


The c/a ratios for lithium and all the alloys are very 
close to the ideal value 1.633 for close-packed spheres, 
as might be anticipated from the presence of many 
faults in the structure. In fact, the deviations from 
1.633 cannot be regarded as significant when judged by 
usual statistical methods. Using the * ¢ test’? for the 
significance of the deviation from 1.633 for the results 
of the seven alloy determinations (without regard to 
the sign of the deviation), one finds ¢ 2.10, which is 
less than the value ¢ 2.44 required in the significance 
test at the 5°, level. Thus more than 5°, of the times 
such seven determinations are made, mean deviations 
of at least this much would be expected in a normal 
distribution having a mean at 1.633. The mean of the 
seven alloy determinations is 1.6356, and is within 
estimated experimental error of the value for lithium. 
The value for CPH sodium™ by the same method is 


1.634 at 


Discussion 

Current interest in these results lies in their relation 
to the electron theory of alloy phases, and to the 
question of whether distortion of a CPH unit cell from 
the ideal value of 1.633 can be viewed as the result of a 


distorting force arising from the interaction of the 


53 
a 
Li 
ad 
Li 
a 
a 
= 70] 
4 
\ 
| Diffract lata for hexagonal phase in LE 
to 78 K, compared with calc 
3.098, 5.073 A 
[ t Al 
HEKL l obs 
R22 
\I 653 2.0585 
O02? 53] 2.0030 
101 M 2.320 2.371 
110 S 1.549 1.549 
112 M 1.322 1.322 
004 \ 1.267 1.268 
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the Brillouin 
It has been proposed by Goodenough” that dis- 


Fermi surface with zone boundaries. 
tortion would result even in the absence of Brillouin 
zone overlap, when the Fermi surface approaches a 
srillouin zone boundary. If one assumes a spherical 
it the 
“A” face (which stands parallel to the c axis) when the 


the 


Fermi surface, would touch Brillouin zone 


electron concentration has increased to value 


1.633. As the 


oo 1.14, for a unit cell with c/a 
electron concentration approaches this value, the 
“A” zone faces should, on this theory, be forced 
toward the center of the zone and the a crystal 
dimension enlarged; there should be no compensating 
effect at the face) 


b” face is not reached until a considerably 


zone face (normal to the 
since the * 
higher concentration is reached (1.36 electrons per 
1.633). 


Thus the theory predicts a distortion of the axial 


atom, under the same assumptions, for c/a 
ratio c/a to values less than 1.633 for electron con- 
centrations somewhat less than those at which overlap 
into the next zone occurs. 

McClure“ recently re-examined this theory and the 
parent theory of Jones from which it developed, and 
concluded that basic modifications of them are needed. 
He pointed out that the local distortions of the lattice 
around solute atoms in alloys are neglected by earliet 
considered there should 
the 


theories and that if these a 
effects. 


re 


be no Brillouin-zone lattice-distorting 
stress arising from adding electrons being cancelled 
by the change in stress due to the electrons already 
present. He notes, also, that other contributions to 
the stress might be expected from causes that have not 
been treated in the theory: “changes in the energy of 
the of the 
correlation energies, and energy of lattice vibrations.” 

Although McClure that different 


mechanism than that postulated by Jones and Good- 


bottom band, Coulomb, exchange, and 


concluded a 


enough must be operating to change the axial ratios in 
led 


qualitatively to the same conclusions as the older 


alloys, nevertheless his revised approach 
theories as to the relation of the band structure to the 
change in axial ratios for the one metal he examined. 
Detailed calculations covering Li-Mg alloys have not 
yet been made, either for conditions of overlap or 
approaching overlap, and calculations taking stacking 
Just 


as 


faults into consideration are also missing. 


Mg 


ALLOYS 


faults widen some diffraction lines, they presumably 
would effectively blur the zone boundaries and ther 

fore alter any effects based on overlap or approa h to 
the boundaries An added uncertainty stems from a 
lack ot knowledge of the variation of effective mass of 
electrons moving in different crvstallog iphir dire 
tions. 


When alloy phases of ( PH structure are 


it is seen that most of them exhibit 


surveve 
marked varl 
of axial ratio with composition. Above thx 
phas 


rapid drop in c/a with increasing concentratir 


concentration of about 1.36 many 


Raynor and Massalski attribute‘ 
did 


are few at present 


1 
-Drass 


‘“*“A”’ face overlap, as Jones for « 
this concentration the data 
present results alone are available below 1.16 
for electron concentrations from 1.0 to 1.163. ine 


no distortion of c/a to less than 1.633 in any 


alloys (a distortion expected on Goodenough ’s theo. 
and a minor increase. hardly of statistical significance 


to larger values than 1.633 
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ELASTIC AND PLASTIC BEHAVIOR OF THE FERRITE 
LATTICE IN A LOW-ALLOY STEEL* 


H. C. VACHER, R. LISS, AND R. W. MEBSt 


\ specimen of normalized NE-9420 steel was loaded and unloaded in cycles at progressively higher 
loads. The first four eveles were alternately in tension and compression. The remaining eight were in 
tension. Lattice-strain measurements by the X-ray back-reflection method were made in seventeen 
directions with the specimen in the loaded and unloaded conditions. Analysis of the lattice compliances 
strain-stress ratio) indicated that a transverse compressive stress and a shear stress were superposed on 
the axial stress. The following values gave the best agreement with the experimental results: Young’s 
modulus 32 106 lb/in.?, Poisson’s ratio 0.41, transverse stress 13°, of axial stress, and shear stress 26°) 
of axial stress. The lattice elastic limit for negative compliances was higher than for positive com- 
pliances. Analysis of residual strains after plastic deformation indicated a compressive strain in the 


g direction. The change in lattice spacing on release of load from the plastic range could be 


d from the lattice compliance, thus indicating that loading stresses can be computed for stresses 


the elastic limit. 


COMPORTEMENTS ELASTIQUE ET PLASTIQUE DE RESEAU DE LA FERRITE 
DANS UN ACIER FAIBLEMENT ALLIE 


Un échantillon dé lacier normalizé NE 9420 a été soumis a des cycles de mise en charge pour des 
charges de plus en plus diverses. 

Les quatre premiers cycles ont été effectués alternativement en tension et compression; les huit derniers, 
uniquement en tension. 

Les mesures de déformation du réseau par la méthode des rayons X en retour ont été faites dans 17 
directions avee et sans charge sur |’échantillon. 

L’analyse des coefficients réticulaires (rapport déformation-tension) a montré qu'une tension de 
compression transverse et une tension de cisaillement étaient superposées a la tension axiale. 

Les valeurs suivantes ont fourni le meilleur accord avec l’expérience: 

Module de Young 32 10° livres/pouces* 

Rapport de Poisson 0,41 

Tension transverse 13%, de la tension axiale 

Tension de cisaillement 26% de la tension axiale. 

La limite élastique réticulaire pour des coefficients négatifs est plus élevée que pour des coefficients 
positits. 

L’analyse des tensions résiduelles aprés déformation plastique a montré une déformation de compression 
dans la direction de la charge. 


La modification du paramétre réticulaire aprés libération de charge du domaine plastique a pu étre 


prédite a partir du coefficient d’élasticité réticulaire. 


Ce qui montre que les tensions de charge peuvent étre assimilées a des tensions dépassant la limite 


élastique. 


ELASTISCHES UND PLASTISCHES VERHALTEN DES FERRIT-GITTERS 
IN EINEM SCHWACH LEGIERTEN STAHL 

Eine Probe aus normalisiertem Stahl NE-9420 wurde unter laufender Erhéhung der Last wechselweise 
be- und entlastet. Die ersten vier Wechsel fanden alternierend unter Zug und Kompression statt, die 
restlichen acht unter Zug. Mit dem Réntgenriickstrahlverfahren wurden an der Probe im belasteten und 
entlasteten Zustand in 17 Richtungen Messungen der Gitterverzerrungen angestellt. Eine genaue 
Analyse de “‘Gitter-Nachgiebigkeiten”’ (lattice compliances Verhaltnis Dehnung zu Spannung) 
zeigte, dass der Achsialspannung eine quergerichtete Druckspannung und eine Schubspannung 
iiberlagert sind. Die beste Ubereinstimmung mit den experimentellen Ergebnissen gaben folgende 
Werte: Elastizitatsmodul 32 10° lb/in*, Poisson-Zahl 0,41, Querspannung 13% der Achsialspannung, 
Schubspannung 26% der Achsialspannung. Die Elastizitaétsgrenze des Gitters lag fiir negative 
Nachgiebigkeiten hoéher als fiir positive. Die Analyse der nach plastischer Verformung zuriickbleibenden 
Verzerrungen zeigt eine Kompression in der Belastungsrichtung an. Die Anderungen im Gitterabstand 
bei der Entlastung aus dem plastischen Bereich konnten mit Hilfe dur Gitter-Nachgiebigkeiten richtig 
vorausgesagt werden, woraus hervorgeht, dass es méglich ist, die Lastspannungen, auch wenn sie 


oberhalb des elastischen Bereichs liegen, au berechnen. 
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1. INTRODUCTION 


For the past thirty years X-ray diffraction measure- 
ments of lattice strains have been used for the deter- 
mination of stresses in metals. Recent reviews": 2. 3, 4 
indicate that the relationship, as ordinarily inter- 
preted, between lattice-strain measurements and 
body stresses (the type of stresses most important 
to the engineer) probably is an oversimplification 
and in some cases can lead to erroneous conclusions. 
It has also been apparent, however, that further 
investigations of lattice strains would give a better 
understanding of the stress distribution in poly- 
crystalline metals. 
that lattice-strain 
measurements can be used to compute body stresses 
the 
ginning of plastic deformation determined by mechani- 
(4) 


There is general agreement 


in the surface of annealed material up to be- 


cal methods. Hyler and Jackson and others 


point out that X-ray strain measurements do not 
agree with mechanical strain measurements in the 
plastic range under load or after release of load. 
Examination of data in two cases": ® indicated that 


for specimens in tension the upper limit of the range 


of stress in which the equation 


(1) 


0 L 


p 


was applicable depended on whether the measure- 
ments were made perpendicular or inclined to the 
surface. The upper-limit stress may also be referred 
to as the elastic limit stress. The compliance C 
corresponds to 1/H when p and ¢ are zero and o, 
is equal to O}- 

The following symbols are used in this paper: 
cd/d Fractional change in lattice spacing taken as a 

measurement of lattice strain, 

o,, Stress in direction of loading, 
p Angle between loading direction and direction 

of strain measurement, 

Angle between surface normal and the plane, 

including the directions of loading and strain 

measurement, 

Lattice compliance (7), 

Young’s modulus of elasticity, 
the 
cobalt radiation, 


Diameter of tungsten-222%, ring from 


the 


and ferrite-310«, rings at a certain location in 


Difference in radii of tungsten-222a, 


the rings, 
Diffraction angle, 
e Strain, 
direction of loading, 


e, Strain component in 
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Poisson’s ratio 
Proportionality constant, assuming 
K yp 
Transverse stress perpendicular 
direction, 
Proportionality constant, assuming 
Shear stress in plat vendicular 
direction. 


The 


release of load 


fractional cl 


Strain under load, 

Measured residual lattice strain 

Maximum principal stress 

Residual strain component 
loading. 

For loads in excess of the range ¢ equation i 


there is disagreement™ on whether or not lattice 


constant or decrease with 
This 


be the result of different ty pes ot loading 
that 


strains remain incre 


ises 
disagreement might 


Wood": 
loads, the 


in the loading stress. 


showed on application of tensile 
lattice strains in fine-grain iron increased up to the 
elastic limit and then remained constant. 

Many 


stresses in the surface in 
after 


investigators have reported compressive 
the direction of extension 
(longitudinal) tensile loads that 
the 
vestigators, particularly Wood and Greenough” 
different 


different 


removing 


exceeded range of equation (1). Several 


have shown that in such cases values of 


residual strain were obtained with wave- 


lengths of X-rays, and concluded that the apparent 


compressive body stresses were the result of a com 


plex system of textural stresses"® rather than body 


stresses caused by nonuniform plastic deformation 
results Greenough howevel 
that 
removal of a layer of 0.008 in. 


the 


Certain obtained by 


showed residual lattice strains decré 


This indicate 
textural stress across 
Mor 
Wood 


strains 


deviations from average 


the cross-section were not random recently 


Bateman"! confirmed the findings of ind 


Greenough with lattice varying 


respect to 


with wavelength, but disagreed with Greenough 
that the effect 
elastic limit of individual crystals 

Wood", § 


pressive stress in addition to a 
afte1 


resulted from the anisotrop\ 


reported a residual transverse com 


residual longitudinal 
tensile loading 


110°, of 


compressive stress in iron 
The transverse stresses varied from 60°, to 


the Wood 


reported a transverse tensile component that 


stresses and Dewsnap 


longitudinal 
was 
about equal to the longitudinal component under 
9.4 


14.3°,.: however, for elongations of 21.2 to 


loads corresponding to elongations of and 


} 
Ky that o, 
A 
¢, i tt on 
€ 
q 
JOT 
956 a,? 


TRGICA, 


3 triangles 1/8"x 1/8"21/8" 


\ 


Section AA’ 


1. Specimen 
this transverse tensile stress was negligible. Green- 
ough" also reported a residual transverse component 
that was about 20°, of the longitudinal compressive 


component after a 6 elongation. It was not 


whether or not an transverse 
present in the 


that in 


indicated apparent 


component was elastic range. It 


should be remembered tensile loading the 


average transverse body stress must be zero, so 
that the 


reported is not a body stress. 


apparent transverse tensile component 

The foregoing review shows a need for information 
on: 

1. The directionality of the elastic limits. 

2. Whether or not the lattice strain remains 
constant for loads in the plastic range. 

3. Whether or not 


transverse 


strains indicate an 


the 


lattice 


apparent stress in elastic range for 
the condition ot uniaxial! loading. 
1. The the 


after plastic deformation, and the mechanism of 


nature of residual strains observed 


their formation. 


In order to obtain information on these items, 
lattice strain measurements were made in seventeen 
a low-alloy steel specimen under a 
After 


increase the load was released and the lattice strain 
the 


directions in 


series ot progressively higher loads. each 


was measured i seventeen directions. From 


these measurements. a distribution of body stresses 


and elastic constants was derived on the basis of 


well-known elastic theory for homogeneous media, 
lattice compliances which deviated 


Also, the 


limits of the lattice compliances were determined, 


proy ided 


ast from the measured values. stress 
and a system of body stresses and elastic constants 
was derived from the residual strains that developed 


after a 45.500 |b/in.* loading stress. 


2. EXPERIMENTAL METHOD 

The specimen was machined from 1-in. diameter 
bar stock of NE-9420 steel 
steel had a ferrite grain-size corresponding to ASTM 


This low-alloy structural 


No. 9 and fine pearlite in the normalized condition. 
Its composition and tensile properties in the normal- 


ized condition are listed in Table 1. Measurement 


of the relative intensities of diffraction lines from 
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TABI E :. Chemical composition and tensile properties of 


specimen material as normalized 


Tensile 
propert 1es 


Chemical 
composit 1on 


Yield strength (0.2°, offset) 
52.000 Ib/in.? 

Tensile strength 75,000 lb/in.? 
Elongation 37.5% 
Reduction of area 67° 


Carbon 


0.9] 
0.48 
0.33 
0.34 
0.11 
0.031 
0.020 


Manganese 
Silicon 
Nickel 
Chromium 
Molybdenum 
Sulfur 
Phosphorus 


oO 


both the longitudinal and transverse sections showed 


no measurable degree of preferred orientation. 
The specimen was a hollow cylinder, 7/8 in. outside 
and 1/8 in. 


portions machined away to leave a reduced section 


diameter, 2 in. long, 


wall thickness, with 
consisting of three symmetrically spaced legs (Fig. 1). 
The legs were identical within close tolerance, each 
being 3/8 in. long and having a triangular cross- 
section 1/8 in. on a side. The specimen was welded 
to two supports for a previously calibrated loading 
rod placed axially within the specimen (Fig. 2). 
A nut 


a clockwise turn applied a compressive load and, 


was threaded on to the loading rod so that 


by supplying backing for the nut, a counter-clock- 
The nut and the 


the 


wise turn applied a tensile load. 
far end of the loading rod made contact with 


specimen supports through spherical surfaces in 


Area of specimen to be 
&xposed io X-ray beam 


Nut for applying 


oad 


Fic, 2. 


Specimen and loading jig. 
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order that the load might be distributed equally and 
axially on the three legs. Between the threaded and 
reduced portions of the loading rod there was a 
lensth of This fitted a 


hexagonal hole in the specimen support in order to 


hexagonal cross-section. 
prevent twisting of the specimen when the loading 


nut was turned. After completion of the strain 


measurements, it was found that the fit was not 
sufficiently close to prevent a shear stress from being 
superposed on the axial load. This will be discussed 
after presenting the results. 

After normalizing the specimen in a vacuum, the 
load was applied by slowly turning the nut on the 
loading rod until the strain indicator gave the desired 
reading, based on the previous calibration of the 
Lattice-spacing measurements were 
load, after 


determine the 


loading rod. 


before loading, under and release 


load. In 


compliance over a large elastic stress range, the 


made 


of each order to lattice 


four cycles were alternately in tension and 


The 


tension at progressively higher loads. 


first 


compression. remaining eight cycles were in 


The principles involved in making conventional 


lattice-strain measurements were described in a 


previous paper.‘® Only details that affect the accuracy 
of the measurements will be described in this pape 

The X-ray patterns for strain measurement were 
obtained by using tungsten as a calibrating powder 
The specimen was translated about 5 mm in the 
2-h exposure, keeping the film-to-specimen distance 
the between the collimated beam and 


and angle 


specimen surface constant within a close tolerance 


Translating the specimen increased the number of 
crystals contributing to the diffraction rings, thereby 
making them less spotty and easier to measure 
Two types of measurements were made, Dj), and 
F, and used to compute —tan 24, according to the 
equation 
2F 


tan 24 
Dy 


tan 24, 
An experimentally determined value of 0.4362 was 
tan 26,,. The 
strain is given in the following equation 
od 
d 


used for relation of tan 24 to 


cot 6 


(1 2 sin? 
Atan 20. (3) 
2 tan 
The term in brackets is equal to 0.0760 when @ is 
that is, The 
change in the bracketed term is approximately 1°, 


80° 30’, for the strain-free condition. 


for the range of A tan 24 encountered in lattice-strain 
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measurement therefore the error introduced by 


using the value 0.0760 for all patterns is we 1] 


The 


within 


the precision of measurement diameter of the 


was measured with craduated 


spaced 15 


pattern 


tungsten ring D, 


and vernier at four locations 


the 


scale ipart 


and average value for each was used 


with corresponding F values 
The F 


micrometer?) that 


measurements were made witl \ photo 


had 
differences in the radii of two concentric rings « 
The 


scanning 


heen modified so that small 
ould 
modified 


be measured conveniently instrument 


had 


and 0.25 


two concentric | o| 1 each 


ares of 
radii 
corresponded closely to the iron and tungst 
After moun 
patterns in the photomicromete 
the 


mm wide. whos 


that were to be measured 


measuren 


F were made by determining positior 


and with its approp! 


iron tungsten rings, each 


scanning are, the other being blocked by a 


These positions were determined by readings 


dial indicator corresponding to the minimum 


transmission the film was translated past the 


scanning ar¢ order to improve the precision of 


the value fo1 tan 24 in equation (2 three in 


dependent patterns were obtained f 
of loading and anglk 
ol measurements on 

2. This 


terms ol 


iveraVve 
strain and 
tions from systematic trends 
For this investigat on Toul 
beam were used, and are ident 
The projections of these posit 
jections of corresponding possil 


measurement shown 


beam 
the dir 


= = = 
{ 
l 
reach conditior 
A ind the ! ( 
\ 
oS ¢ used to compute 
iu 
1iess thal the 
+} 4 
ed 
i”) ~ T T 
in? | | 
Fig. 3. Of t 
‘ 
5 
° 4 
. 
«8 eS 
x 1 s¢ 
8 
6° 


ordinates of X-ray bean 


Strain measurements 


Straim measurement 


were chosen, 
Actually, 


within a 15 


directions of measurement, seventeen 


and are identified in Fig. 3 by numbers. 


the measurements included directions 


are centered at these locations, because a 15° scanning 
in measuring F. The orientations of 
the 


are given in Table 2. 


are was used 


the primary beam and directions of strain 


measurement 


3. RESULTS 
in Fig. 4, the 
load after 
release of load are plotted as a function of the applied 
The the 


dition was plotted on the abscissa value corresponding 


Typical results are shown where 


values of tan 24 obtained under and 


stress. tan 24 value for no-load con- 


to the previous load. The strain-free value is the 
verage of those obtained for the normalized con- 
the first 
This average value was considered 
the the 
latter 
in general slightly lower than the average value for 
This 


present 


dition and for four no-load conditions in 


the elastic range. 
than value for 


the 


better strain-free value 


normalized condition because value was 


the first four no-load conditions. 


suggests 


stresses were initially and 


the 


that textural 


were removed by stressing in elastic range. 


Inspection showed that the tan 24 values for 


the compressive loads, the strain-free value, and 


certain values for the tensile loads, indicate lattice 


strains proportional to the loading stress. 


zero-strain zero-load point as a pivot, lines were 


drawn through as many of the strain values at low 


Using the 


A4 DIRECTION 


° 


BS DIRECTION 


© NORMALIZED CONDITION 
® LOADED CONDITION 
© NO LOAD CONDITION 


10 20 


STRESS, 10°LB/IN? 
Fic. 4. 
for directions A4 and B5. 


tan 26 vs. stress diagrams 
stresses and the high-strain values at high stresses 
as was consistent with the graphs. The slopes of the 
best the the 
strain 


lines representing linear range for 


seventeen directions of measurement, ex- 


pressed as €/g,, are listed in Table 3. 
tan 20 vs. 


Further inspection of the stress 


diagrams showed that, at the intermediate and high- 
tensile loads, deviations from the lattice compliances 


appeared to be of two types. Deviations from lines 


TABLE 3. Measured and computed values 


for lattice compliance 


measured 
in.?/Ib 


computed 
in.*/Ib 


Direction Difference 
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2. Anguar (0 § 
2 © ° 
3400 
80 
Direction 0 : 
3360 } 
40 
7? 0 
72 
St) 
.3500 }- 
( 
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> 60 }- 
6 33 10 
B 10.0) 0 17 lO 40 
9 33 10 ” 
3400 }- 
LO $3.5 17 
12 +) 60 
if 13 38 33 
3340 
14 45 “20 30 40 50 
12 5 
D SOLD $4.5 
16 15 
17 5a 
4 
( 10-9) ( 10-9) 10-9) 
Al 8.7 8.6 0.1 
12 10.8 10.2 0.6 
13 9.7 2.7 2.0 
A4 10.5 jy 1.6 
Bd 19.6 22.0 2.4 
B65 21.2 22.4 1.2 
B7 13.1 1.4 
Bs 9.0 7.5 L.5 
BY 17.3 18.6 1.3 
Cll 7.9 5.1] 2.8 
D14 13.3 14.9 1.6 
D16 11.4 14.5 3.1 
ee DAT 15.7 17.9 2.2 
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with positive slopes, B5, B6, B7, B8, B9, C10, and homogeneous medium, the following equation 
C'13, tended to lie on a line parallel to zero strain derived 

The deviations from the lines with negative slopes 

tended to be within a triangular area for inter- 

mediate loads and on a line with a positive slope 

for high loads. This tendency was most marked in oe vy) sin® p sin? d 
the Al and A4 diagrams. The deviations of the 


Sin p COS p 


no-load values from zero strain tended to lie on 
lines having slopes opposite in sign to those of the 
corresponding lattice compliance lines. Although the system of loading apparentl) 
cludes the presence of a transverse component 
4. INTERPRETATION OF RESULTS equation (0) sheer sivess and sn spp 
transverse stress were taken to be proportion 


In order ‘termine ‘ther or » lattice : 
Oo to determine whether or not the lattice jp loading stress. In this case the shear plan 


compliances conformed to what w d be expecte ; na 
I . . hat would be expected perpendicular to the loading stress. The four 


for uniaxial loading, e/a, value re 
ding, were plotted on stants, E, v, K 7, and K_ in equation (6) can 

stereographic projection showing the directions of computed from the measured values of e/a, 
strain measurement. These values are proportional the corre ponding angular co-ordinate und d 
Yuli ‘O- i Ss pop an a 


to the strain-ratio according to the following equation: One way this could be done would be by the solution 
of simultaneous equations, and averaging the r¢ 
(4) sultant values. Such would be extremely lengthy 
and laborious, even with the use of a computing 
Lines of equal strain-ratio were computed on the machine. A more direct approach is to assume 
basis of the following equation: various values for these constants, substitute in 
, equation (6) for each of the seventeen strain dire¢ 

cos* p y sin? p 5 tions, and by successive estimates arrive 
€L of appropriate values which closely satis 
assuming v=0.3. Inspection of this projection measured e/a, values. This method gave the 


showed that the e/a, values were not proportional 32 106 lb/in.?, 0.41, —0.13, and —0.26 for E 


to the strain-ratio values for the axially loaded and K_ respectively. On the basis of these 


condition. This was particularly noticeable for the ¢/o,;, was computed for each direction, and 

(and D positions. Table 3 for comparison with the measured 
The deviations of the measured lattice compliances The correlation between the measured ; 

from those corresponding to a uniaxial loading con- values is good, thus showing that 

dition seemed to indicate the presence of shear and changes in the 310-spacing per unit 

transverse stresses superposed on the loading stress. elastic range conform to an ellipsoid defin 

There was evidence that such a shear stress was F# and »y. The values 3: 10° |b/in.? 

present. After the 48,600 Ib/in.? tensile stress it obtained for # and y are in good agreement 

was observed that the legs of the specimen were values 31.3 10° Ib/in.® and 0.37. obt 

inclined about 3° to the axis of the specimen. This Moller and Martin.” 

twist caused the legs to be slightly S-shaped, thereby Moller and  Martin,“* Greenough,” 

showing that bending stresses were present at the Hershey“ showed that values for # and 

ends of the legs in addition to the shear stress in the computed from an equation similar to equ 

straight portion where the strain measurements but it would contain an additional constant 

were made. The twist developed because of the constant would be related to the elastic anisotro 

loose fit of the loading rod in the specimen support, of the ferrite crystal. If the ferrite crystal deforme 

as described in Section 2. These observations indi- anisotropically in a_ polyerystalline bod) 

cate that the twisting action was present at the different values for # and y should be obtained 

lower loadings and caused deviations from the changes in the lattice spacings of the 310 id 

axially loaded condition. planes. Differences in strain values for different 
In order to correlate the measured e/a, values crystallographic planes: have been reported 

with a corresponding series of computed values but it is a moot question whether or not the differen: 


based on the assumption that the strains were in a_ is entirely caused by the anisotropic strains 


Lie 
¢ 
AN 
nw 
( 
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values 
Strain-ratio are 
resses superposed 
0.13. and 


are plotted 


ina pr lyvery stalline body. Recent work 


has indicated that the difference 


iron crystal 


] 


in this laboratory 


values 


measurements of the spacing 
On the 


that the 


in strain from 
of the 310- and 211-planes is indeed small. 

f this discussion it is concluded 
ellipsoid of strain is essentially the same in all of 
the ferrite This implies that there are 


cry stals 
steep stress-gradients in the vicinity of the boundaries 
of the ferrite cry stals because of the elastic anisotropy 
of the individual crystals 

The for Ay 
transverse stress in the elastic range is compressive 


Wi 


value indicates that the 


apparent 


id is 13 of o,. reported an apparent 


transverse tensile stress in a fine-grained iron specimen 


that was under load in the plastic range. Inasmuch 


as these transverse stresses cannot be 


apparent 
related to the system of loading, they cannot be 
considered as body stresses, but rather as an indication 
of textural stresses. Perhaps the apparent transverse 


component will be explained when more is known 


about the changes in the interplanar spacing of 


planes, other than the 310, that result from applied 
stresses. 
The 


results 


26°, of 


manner of 


shear stress is and probably 


from the loading, as has been 
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pointed out. The effect of the apparent transverse 
and shear stresses on lines of equal strain-ratio is 
Fig. (5). It that 
rotated the principal stress 
12° from the loading stress, and that the apparent 
the 


shown in can be seen the shear 


has maximum 


stress 


introduces asymmetry in 


the 


stress 


transverse 


plane perpendicular to maximum principal 


stress. 
The 


difference between the type of divergence in 


tan 24 vs. stress diagrams show a distinct 
tan 
24 values from compliance lines having positive 
slopes and those having negative slopes. For positive 
the tan 26 


with an 


e/a, values, values tend to remain 


constant increase in o,, beginning at an 
average stress of 21,000 lb/in.2, whereas for negative 
e/a, slopes they tend to increase with an increase 
in o,, beginning at an average stress of 40.000 Ib/in.* 
A difference in elastic limits for lattice compliances 
was indicated in previous work in this laboratory’® 
and in the results of Wood.‘ 

Smith and Wood"® showed that plastic deforma- 
affect This 
the that 


the lattice compliance. 
lattice 


tion did not 


implies that change in spacing 
occurs on release of the loading stress is proportional 
to the loading stress even though the elastic limit 
For the 


been 


condition in 
the 


exceeded. 
had 


change in lattice spacing on release of load is equiva- 


might have been 


which the elastic limit exceeded, 
lent to the difference in A tan 26, expressed as 
the loaded 


conditions as indicated in Fig. 4, that is, 


strain, obtained for and unloaded 


Ep { (4) 


Values for €, were plotted against the loading stress 
for each of the seventeen directions of strain measure- 
ment, and the appropriate lattice-compliance lines 
were drawn, using the computed values in Table 3. 
The agreement of e€, with the computed lattice 
compliance was good within a fair tolerance for 
all directions. Fig. 6 is typical of the diagrams 
obtained in this treatment of the data. The elonga- 
tion of the specimen for the highest load was approxi- 
mately 1.6°,. The agreement of €, with the lattice 
compliance indicates that the magnitude and direc- 
tions of the principal stresses can be computed for a 
certain loading condition from the change in lattice 
spacing on release of load, even though the elastic 
limit has been exceeded. 

It is of interest to determine the residual stress 
system giving rise to the residual strains measured. 
This cannot be done with a high degree of accuracy, 
because of the large deviations in the no-load values 


from a systematic trend dependent on previous 


538 ‘CTA 
-0.5 -04 
04 
02 
02 “1S 
0.4 
66 
O 
e-79 -105 
o9 1 
8 z 
212% 
Ym 
x 
>. Stereo pl chart shown distril 
ior tatt Che lines ot equa 
or the ( transverse and shear stre 
the iXli loading stress, } 0.41, K 4 
tt I stra measurement 


VACHER, LISS, ann ME 


loading stress. The deviations from a recognizable 
trend, however, are sufficiently small in some 
directions to permit a fair estimation of the residual 

| DIRECTION 


strain. The no-load values at the intersection of 


the abscissa, 45.500 lb/in.2, were converted to strain. 


Table 4, and used to compute the constants », Kp, 
and AK_ ina manner similar to that used in computing 
values from the lattice compliances. The values 


obtained were 0.31, Ky and K. 0.18. A4 DIRECTION 


10-4 


The positive sign of K_ indicates a clockwise rotation of 


o, from o,. This is opposite to the loaded condition. 


The absence of a transverse component is contrary 


STRAIN, 


(9) 


to the findings of Wood: ® and Greenough 


Using the values 0.31 and 0.18 for » and AK_ and 


LATTICE 


the measured values obtained after releasing the 
DIRECTION 
loading stress of 44,600 lb/in.*, values for ¢,, for 


each direction of strain measurement were com- 


puted and listed in Table 4. There is considerable 
variation in the e€,, values, the average being 


54° 
4 


4.6 10-4, with a probable error of 
On the basis of = 32 10° Ib/in.*, the average 


€p7, Value is equivalent to a 15,000 lb/in.* compressive STRESS, 109 LB/INE 


stress with a superposed shear stress of 2700 Ib/in.* 
A satisfactory explanation for the balancing of the 
residual compressive stress indicated by the fore- 
going results has been an enigma since its discovery that this stress is textural in nature, being 

by Smith and Wood.“ The prevailing opinion is by Opposite n adjacent crystals 
onentations From results given above 


planation Is not satistactory DeCALUSE 
raBLeE 4. Estimated and measured residual lattice strains and 


computed values for the residual strain in the direction of were measured in many directions and thus 
loading a large number of crystals of different ori 
It is probable that if the lattice st nh were 
fo! sulficient num ber ol al 
45.500 Ib/in.2 44.600 Ib/in.? of the ferrite cryst ils, the 
loading stress) loading stress an ellipsoid If the strain 
the same in all ferrite cry 
the lattice compliances 
strains cannot be balance: 
in adjace nt crystals 
A more satisfactory explanati 
that the apparent residual! 
by lattice-strain measur 
opposite stresses 1n 
X-rays coherently 
crystal lattice, such as is found 
Such an explan it1i0n implies th 
measured 
the same in the interio1 
evidence to support this 
has indicated that the 
sections cut from specimens that had been | 
deformed under uniaxial loading were repr 


of the stresses in the 
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5. CONCLUSIONS 
load 


load have indicated the values 


Lattice-strain measurements made under 


r release of 
32 10° Ib/in.2 and 0.41 for Young’s modulus and 
that an transverse 


26°, were superposed on the loading stress. 


ratio, and apparent 


Poisson’s 


compressive stress of and a shear stress of 


The lattice elastic limit for positive compliances 
was approximately 21,000 Ib/in.? an d40,000 Ib/sq. in. 


for negative compliances. The lattice elastic limits 


appear to depend primarily on the sign of the lattice 


compliance. 

The change in lattice spacing on release of load 
from the plastic range could be predicted from the 
indicating that loading 


lattice thus 


stresses can be computed for stresses exceeding the 


compliance, 


elastic limit. 
Calculations of the residual strain in the direction 
of 44.600 Ib/in.2 
1 


of loading after a loading stress 


gave an average value of —4.6 LO 
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INITIAL OXIDATION RATE OF METALS AND THE LOGARITHMIC EQUATION 
HERBERT H. UHLIG 


The logarithmic oxidation equation y k, In (t/r 1) is deri 
tron flow from metal to oxide. Electron flow during oxidation, in turn. 
positive or a more-negative space charge in the oxide extending up to se\ 
the metal surface, where increasing numbers of trapped electrons at 
changing space charge. The space charge is composed of two parts: (1 
to the metal and (2) a diffuse-charge density layer beyond thx 
logarithmic equation during tormation of both space charge lavers, 
oxidation rate accompanying formation of the diffuse layer. It is show 
the particular distribution of negative charge in the diffuse layer may 
Experimental conditions, especially impurities present in the oxide an 
determine which electric-charge distribution is favored. For oxidatior 
either the linear equation is obeyed, with control of the rate still focused at th 
more frequently, the parabolic equation is obeyed with control centered in 
processes in the oxide, in accord with Wagner's theory. 

From oxidation data for copper, the density of trapped electrons in 
layer at 150° is caleulated to be 1.3 1015, which decreases to 6 
available sites for trapped electrons in the diffuse layer is calculated correspon 
and 2.6 LQ! respectively. The thickness of the uniform charge densit lave aries trom 360 
150° to 1630 A at 250°C 

The Rideal-Jones empirical relation AE db 3.6, where AF is the 
and db the metal-work function, both in electron volts, and which has been 


] 


tungsten, and platinum, is shown herewith to apply to nickel, tantalun 


approximately to copper and iron. This relation is derived theoretically 


assumptions used in deriving the logarithmic oxidation equation. 


LA VITESSE D’OXYDATION INITIALE DES METAUX ET 
LOGARITHMIQUE 


L’équation logarithmique d’oxydation y ; : 1) est établie en supposant 


controlée par le flux d’électrons passant du aa oxyde Au cours de loxyvdat 
est, a son tour, fonction de la variation de la aa , Mons positive ou plus négat 
sétendant sur une épaisseur pouvant atteindre plusieurs milliers d’angstrén 
métallique et ot le nombre croissant d’électrons retenus par les défauts réticul: 
de charge spatiale. La charge spatiale est composée de deux parties: (1 
uniforme, prés du métal et, sous celle-ci (2) une couche a densit« 

l’équation logarithmique pendant la formation de ces deux 
accroissement de la vitesse d’oxydation accompagne la formation 
montre que, sous certaines conditions, la distribution particuli: 
répond a l’équation cubique d’oxydation. 

Les conditions expérimentales, en particulier | 
thermique, déterminent probablement quelle sera 
sous la couche a charge spatiale, obéit soit a l’équation linéai 
métal-oxyde, ou plus généralement a |’équatio1 
et migration dans l’oxyde, selon la théorie de Wagn 

Par les données expérimentales d’oxydation du cuivre, 
mobilisés dans la couche de Cu,O a densité de charge 
Le nombre de places possibles pour l’ancrage des électrons dans la couc} 
été également calculée: pour les mémes températures, on obtient respect 
L’épaisseur de la couche a densité de charge uniforme varie et 

La relation empirique de Rideal-Hones: 3,6, ott ¢ 
et d la fonction de travail du métal, toutes deux exprimées e1 
carbone, tungsténe et platine, est valable également, comme on I 


et le titane et moyennant certaines approximations, pou! le cuivre et 


déduite théoriquement en utilisant les mémes hypothéses fondamenta 


l’équation logarithmique d’oxydation. 


ANFANGLICHE OXYDATIONSGESCHWINDIGKEIT VON ; ND DI 
LOGARITHMISCHE GLEICHUNG 


Die logarithmische Oxydationsgleichung y k, In (t/r 1) wird 
die Geschwindigkeit durch den Elektronenstrom vom Me tall zum Oxyd 


*Received January 3, 1956. 
*Corrosion Laboratory, Department of Metallurgy, Massachuset 
Massachusetts 
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strom bei der Oxydation ist seimerseits eme 


sunterschuss oder negativem Ladungsiil 


Metall aus bis zu einer Dicke 


mende Anzahl eingefangener Elektronen an Gitterfehlstellen zustande. 
Schicht mit einheitlicher Ladungsdichte unmittelbar am Metall und 


zwei Anteilen zusammen: (1) Eine 
2) eine Schicht mit diffuser Ladungsdichte 
ladungs-schichten folgt die 
Schicht eine 


nicht mehr. 


Ladung in der diffusen Schicht zur kubischen Oxydationsgleichung fiihren kann. 


Ladungsverteilung begiinstigt ist, wird 


lere die im Oxyd enthaltenen 


der Ra 


nsbeson 


Jenseits umladung 


reschwindigkeitsbestimmende Vorgang noch an der 
e gehorcht in Ubereinstimmung mit der Theorie von Wagner der parabolischen 


Fall ist, si 
Diffusion und Wanderung 


haufiger der 
Gleichung mit 
Aus Daten iiber d 
der Cu,-Schicht 
6 10'3 ab. Die 
in entsprechender Weise zu 1,0 


mit einheitlicher 


10! bzw. 2.6 
\ bei 


Beziehung 


Ladungsdichte variiert zwischen 360 


lic he I 
empirische 


Es sich, dass die 


\ktivierungsenergie der Oxydation und ¢ die 


bedeuten und deren Giltigkeit 


gemessel 


Nickel, Tantal und Titan sowie 


aul 


irde diese 1 


Theoretisch w 


Ableitung der logarithmische: 


det 


METALLURGICA, 


Funktion einer 
berschuss herriihrenden Raumladung im Oxyd, die sich vom 


von mehreren tausend Angstrém erstreckt. 


jenseits der ersteren. 
Oxvdation der logarithmischen Gleichung, 
héhere Oxydationsgeschwindigkeit entspricht. 
Es wird gezeigt. dass unter gewissen Umstanden die spezielle Verteilung der negativen 


wahrscheinlich 
Verunreinigungen 
s-schicht folgt die Oxydation entweder der linearen Gleichung, 


Ladungsdichte zu 
Anzahl der méglichen Platze fiir emgefangene Elektronen in der diffusen Schicht wird 
10!2 berechnet. 
L50 
von 
Austrittsarbeit 
t sich fiir Kohlenstoff, Wolfram und Platin erwiesen hat, auch 
naherungsweise 


Beziehung unter denselben grundlegenden 


1956 


TOL. 4, 


sich andernden, von positivem Ladung- 

Sie kommt durch eine zuneh- 
Die Raumladung setzt sich aus 
Wahrend der Bildung beider Raum 
wobie der Bildung der diffusen 


Danach gilt die logarithmische Gleichung 


Welche elektrische 


die experimentellen Bedingungen, 


Warmebehandlung, 


durch 
bestimmt. 


dessen 


und 


wobei det 


Grenzflache Metall-Oxyd lokalisiert ist oder, was 


rsvorgingen im Oxyd als massgebenden Prozessen. 


ie Oxydation von Kupfer errechnet sich die Dichte der eingefangenen Elektronen in 


1.3 1015 bei 150°C: fiir 250°C nimmt sie auf 


Die Dicke der Schicht mit einheit 
und 1630 A bei 250°C. 


Rideal-Jones AE ra) 3.6, in AE die 
Metalls—beide in Elektronenvolt 


aer 
des 
anwendbar ist 


Eisen 


Kupfer und 
Annahmen abgeleitet, die auch bei 


auch auf 


Oxvdationsgleichung verwendet wurden. 


rate of a metal is con- 


lattice 


the oxidation 


Wheneve1 


trolled by vacancies) 


diffusion of ions (or 


and by migration of electrons (or positive holes) 


through the oxide film, the familiar parabolic equation 
applies: 
(1) 


where y is the thickness of the film, ¢ is time, and 


k, and 
Wagener" 


are constants. (¢ sometimes be zero). 


may 


established the fundamental reaction 


for this equation and was able to calculate 


Kinetics 


ite-constant *’, and its dependence on oxygen 


the 


ial pressure, from independent physical chemical 


properties of oxide and metal. 


However, oxidation in the lower-temperature 


re or when thin films are formed is found to 


the so-called logarithmic equation: 


+1) 


where k For ¢ 7, this equation 


1S ipproximated by 


, and 7 are constants. 


y=k, nt—k, (3) 


and y becomes linear plotted with logarithm of t. 

When the logarithmic equation was first announced 
Tammann and Koéster‘?? 


in 1922 by on empirical 


questioned. However, 
careful then 


beyond doubt that for oxidation of many metals 


grounds, its validity was 


measurements since have established 


under specific conditions of temperature and time, 
The 


logarithmic equation, for example, has been shown to 


this equation and no other describes the facts. 


5 


(2.8,9,10,11) 


apply to oxidation of copper," 3: 
cadmium, '?) lead, ?) tin, 2) manganese, 
2, 13) 


1° 


(16) 


) 


iron, 


aluminum,'*: 14) titanium,“ and 


tantalum. 

Several attempts have been made to describe a 
mechanism of diffusion through oxides resulting in 
such as by assumed 


the logarithmic 


specialized flaw-paths or zones of loose structure in 


equation, 


(17) 


oxides, or by diffusion blocks and leakage paths in 


the oxide,“!-'®) or by an assumed ion-concentration 


gradient or polarization.“*)* Mott contributed an 


Vernon, Calnan, Clews, and Nurse” believe that the 


logarithmic equation, as found to apply to thin-film oxidation 
expresses oxygen diffusion through the oxide to the 
whereas the parabolic equation, when it applies, 
oxide from 


of iron, 
metal surface, 
corresponds to diffusion of 
They their opinion on observed greater 
weight-gain of iron oxidized in the 
rithmie rate re gion than corresponds to oxygen In the isolated 


iron ions through the 


metal to base 


gas. 
specimens when loga- 
oxide film, in contrast to correspondence ot weight gain and 
oxygen in the oxide in the parabolic region. Their observations. 
however, can be explained by oxidation of 
contained in their iron (0.09% C), occurring parallel with the 


surface carbon 
oxidation of iron, the carbon oxidation products being retained 
by the iron oxides perhaps as carbonates. For higher tem- 
peratures and thicker oxide films where the parabolic equation 
holds, carbonates are not stable and, hence, are not expected 
to be retained by the film. Oxidation of carbon also explains 
the delayed appearance of interference which they 
report. In this connection, the effect of carbon probably 
enters as a factor in the thinning (by reduction) of oxide films 
on iron during vacuum treatment reported by Davies, Evans, 
and Agar.!) A pertinent reference in this regard is the work 


of V. Holm." 
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analysis of electronic and ionic processes in thin in- Crystal orientation, one crystal face oxidizing 


sulating oxide films of stoichiometric composition on at a rate appreciably different from any other 


metals which led to a logarithmic equation. He em- crystal face.) § 29) Lustman ind Mehl and 
ployed the tunnel effect of quantum mechanics to McCandless‘? out that these dif 
+4 


express rate of electron flow from metal to oxide, which ferences cannot be ascribed to differing di 
he assumed controlled the oxidation process. This rates through oxides specifically oriented on 
special model accounted, however, for oxide films metal crystal faces, be« 

only in the order of 40 A, whereas the general loga- and copper at | 

rithmic equation in practice holds for films as thick and diffusion through 

as 10,000 A, and also his derivation predicted a Differing degree of 


temperature-independent k,, contrary to what i crystallization of 


observed. Subsequently, Mott and Cabrera‘?, 7% face 1 aiso not in accepta 
hypothesized an alternative rate-control by diffusion because Mehl, McCandless 


of metal ions rather than escape of electrons, assuming found that oxides gi 
that negatively charged oxygen ions when adsorbed copper remain single 
on the oxide surface create an electric field within have developed i 
the oxide which induces migration of positive ions the possibility 

to the oxide surface. They showed that under crystallization 


conditions where migration velocity of positive ions 


is proportional to field strength, a parabolic oxidation 
or oxidation of iro 


equation results, but for thinner films for which the . 
a discontinuity at tl 


migration velocity is proportional to an exponential ee 


power of the field strength and rate of escape of 


metal ions into the oxide becomes controlling, an 
CHromium-Won ALLO‘ 


equation of the type l/y kint is derived 
(the inverse logarithmic equation). This also led to 


the situation where, below a critical temperature, a 
limiting oxide film-thickness could be expected. But OxMGats0n 
the logarithmic equation (2) observed experimental] 
did not result from these particular assumptions 
Campbell and Thomas‘? expressed the opinion 
that initial deviations from the parabolic equation of rurvaermore 
oxidation for copper are caused by l space-ch irge tion 
layer in the oxide, about 104 A thick as determined 
by electrical capacitance. Tylecote ° confirmed 
that the logarithmic equation holds for films less 
than about 10°A_ thick, whereas the paraboli 
equation applies to thicker films. Later discussion 
in the present paper bears out that the logarithmi 
equation is related to conditions applying to formation 
of the space-charge layer, and that the mechanism 
of oxidation changes for thicker oxide films 
transtormatiol 


Oxidation Control at the Metal-oxide Inte rlace are no longel Important 


It is perhaps obvious that an acceptable mechanism 
of thin-film oxidation of metals should first establish ©0”70! °Y Electron En 
the actual rate-controlling process. A _ detailed »23) favored slov 
examination of reaction-rate data provides evidence the metal into the oxide 
that the rate is controlled largely by processes at the step In several 


emission 


metal-oxide interface rather than by reactions at the films, and electron 
films below 40A 


oxide-oxygen interface, or by diffusion through the — sulator-type 


oxide. This evidence comes from the effect on the evidence is available t 


oxidation rate of: flow from metal to oxide is 
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therefore dominates the reaction process 


thick as several thousand 


films as 
This 


empirical relation first proposed by Rideal and 


stroms. evidence in comes from 


part 


Wansbrough-Jones.‘*! They showed that for oxida- 
n of platinum. carbon, and tungsten the following 


tion holds: 
AE D : (4) 


observed activation for 


AE is 


yxidation, and @ 


vhere the 


energy 


is the work-function of metal or 


The term A is a constant equal to 3.6 eV 


irbon. 


83 keal), and was expressed by Rideal and Wans- 


brough-Jones as the sum of ¢ d., where ¢, is the 


energy ol adsorption and d, is the electron affinity 


of the adsorbed oxygen molecule. In other words, for 


these elements. each of whose oxides at elevated 


temperatures is volatile, the activation energy for 

oxidation is related directly to the energy necessary 

to transfer an electron from metal to oxygen. 
According to (4). 


function less than 3.6 eV (e.g. Na and Ca) possess an 


equation metals with work 


activation energy for oxidation equal to zero (it 
cannot be negative), and the metal oxidizes initially 
as rapidly as oxygen comes into contact. For metals 
of higher the other 
Ni, Pt, W), 
reaction is delayed, and more oxygen reaches the 
This that 


adsorb (chemisorb) on the metal. 


work function, on hand (e.g. 


the activation energy is positive, the 


metal surtace than can react. means 


oxygen is able to 
for which it has a certain affinity, remaining there a 
measurable time before metal atoms leave their 
lattice to initiate an oxide lattice. 

It is of interest to note that the measured value of 
kK’ in equation (4) (3.6 eV) approximates the electron 
The small 


is yssibly 


29 
(3 


affinity of the oxygen atom (3.4 eV).‘* 
0.2 eV (4600 


counted for by the sum of energy changes associated 


difference of about cal) 
vith adsorption and dissociation of molecular oxygen 
n the metal surface. In other words, the slow process 
f oxidation of carbon, Pt, and W can be interpreted 
is the transformation of physically adsorbed mole- 
ular oxygen, in which only weak Van der Waals 
binding forces apply, to chemisorbed atomic oxygen 
with the metal acting as electron donor and oxygen 
as electron acceptor. Accordingly, equation (4) 
indicates that both rates of physical adsorption of 
oxygen on the metal surface and volatilization of the 
metal-oxygen ion complex, at the high temperatures 
presently considered, are rapid compared to chemi- 
sorption of oxygen. This conclusion is in agreement 
with previous expressions to the effect that chemi- 


sorption is often (but not always) a slow process 


1956 


Relation between activation energy fo1 


AE do K 


idation and work function: 


0.907 
0.550 


0.560 


These values employed by Rideal and Wansbrough-Jones 
are close to mean values given by H. Michaelson based on a 
review of the literature, with the exception of platinum, where 
the value in Table 1, employing photoelectric data of DuBridge 
(1928) is 1.06 V higher. 


H. H. Uhlig and J. J. Pickett, unpublished data. 


requiring an activation energy.?: It also agrees 
with previous proposals that the process of physical 
adsorption precedes chemisorption.?: 36) 

It is significant that the Rideal-Jones relation can 
be applied also to some metals having nonvolatile 
films are 
The 
data are summarized in Table 1, and provide evidence 
that 


trolled by electron flow from the metal. 


oxides under conditions where the oxide 


thin and the logarithmic equation is obeyed. 
for such metals oxidation continues to be con- 
Presumably, 
the energy gained by the electron entering the oxide 
is almost exactly compensated for by the electron 
the 
to enter the oxygen atom, now adsorbed not on the 
the 
oxygen ions eventually enter lattice positions in the 
the Wagner 


Therefore. 


leaving the oxide again at oxide-air interface 


metal, but on oxide. The negatively charged 
mechanism of 
AE is 


given essentially by the difference of the metal-work 


oxide in accord with 


oxidation and_ tarnish. again 


function and the electron affinity of oxygen. From 


the above considerations, equation (4) can be ex- 


pected to hold whenever electron escape from the 


when the work function of the 
the the 
metal-oxide and oxide-environment interfaces. 


metal controls, and 
oxide has approximately same value at 

The observed relation between work function and 
activation energy clarifies why the rate of oxidation 
should vary with crystal face, since the work function 
also varies with crystal face.{°9. 4 Furthermore, 
the work function of y-iron differs from that of 
g-iron, in accord with change of activation energy 
for oxidation above and below the transition tempera- 


9) 


ture. Houdremont and _  Riidiger" reported a 


for but 
Wahlin“*® reported the reverse, namely, a higher 


higher work function for y- than x-iron. 


value for z- than for y-iron*. 


the 


The activation energy for oxidation is higher above 


transition temperature. 
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\ AE do K 
Bo Pt 2.74 6.35* 3.61 

W +.48* 3.61 

0.52 41.31* 3.79 

Ni | $.50'%7 3.60 

Ta 4.12138 3.57 

7 3.95 '37 3.39 
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Along the same lines, values of work function 4, 
for nickel above the Curie temperature (350°C) are 
higher than values below the Curie temperature,(4*) 
corresponding to an observed activation energy for 
oxidation of nickel in oxygen above the Curie tempera- 
that 


the value below the Curie temperature.” 


ture 


is 1150 cal/mole, or 0.05 eV greater than 
These 


correlations point toward the important part played 


by electron flow from the metal in the initial oxidation 
process, and focus the necessity of attention on 


various factors affecting electron emission during 


oxide growth. 


Space -charge Effe cts 

[f at equilibrium, an oxide has greater electron 
affinity or higher work function than the metal in 
contact from which it forms, the oxide will tend to 
acquire excess negative charge, and the metal, in 
turn, will acquire an equal positive charge, resulting 
in an electrical double layer. Similarly, if the electron 
affinities are reversed, the oxide will lose electrons to 
the metal. The amount of charge eventually trans- 


ferred across the boundary in either event will set 
up a field compensating exactly for the differences 
in electron affinity of the two phases. Or, stated 
another way, when contact is made between a metal 
the 
levels of the semiconductor are 
those of the the 


potential difference. 


and a electronic 
altered 


of the 


semiconductor, all energy 
relative to 
metal by amount contact 

For two dissimilar metals in contact, the electric 
charge constituting the double layer is confined to 
the 


other 


dimensions at 
the 


a very small region of atomic 


interface. In semiconducting oxides, on 


filled 


electrons excited 


hand, with energy) few 


the 


levels and relatively 


into conduction band, excess 


charge associates itself mainly at lattice imperfec- 
tions, such as occur at impurity centers or at lattice 


Negative charge of this kind exists as 


15) 


vacancies. 
so-called bound or “‘trapped” electrons‘ Similarly 
bound or trapped electron-deficient sites or positive 
In view of the restricted number of 


the 


holes may exist. 
sites for trapped electrons or positive holes, 
space charge in oxides extends over a greater volume 
than in the case of metals. Volta or contact potential 


measurements for oxidized copper and zinc, as 


described later, indicate that the space charge may 
the oxide for 
When the oxidation 


is controlled by electron flow from the metal, an 


extend into film several thousand 


angstroms. rate, therefore, 


increasing negative space charge (or decreasing 


positive space charge) obviously enters as an im- 
portant factor in establishing the rate of electron 


(20 pp.) 
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flow, tending in genera! to slow 


as the 


slowing 


electrons oxide OTOWS and 


taneously down 


the oxidation process itselt 


Volta Measurem 
Oxidation Reaction 


Pot ntial 


The oxidation process 


brium situation, but 


of oxide through interact 


with molecular oxygen 


initial process appear to be 
(1) Rapid physical v\dsorption ot molec 
on the metal, 


Dissociation of molecular 
sorbed atomic oxvgen 


Sublimation of the metal-oxyg 
initiate an oxide lattice 


Vaporization of metal ions and el 


the oxide to form additional oxide 
Formation of lattice vacancies 
or combination of interstitial 
oxygen at the oxide-all 


not treat the 


relativel 

where oxygen diffuses 
interiace 

if step } controls. In accora 

TIONS the rate ot e 


W/k7 
the ior 


expression A’ exp 
of sublimation of 

oxide at the metal-oxide 
constant, 7’ 

Is a constant 

simultaneousl\ 
where @ is the wor 
by the oxide in 


cont 


he slowel process una 


factor in the formation o 


nee the ex pone ntla 
the above rate expresslol 
it follows that in 
than 

This 


space charge in the 


state of affairs 
oxide 
because of the rapid est 
Their rate of es« upe almost 
by the slower electron 
As the 


charge 


oxide decre LS 


STOWS 


occurs because portion of 


escaping into the oxide become 


Even 


negative 


trapp 
lattice imperfections tually the 
acquire an overall 


the final equilibrium state of electric char 


charge daependu 


45 
escanm ( 
therefore, simu 
Po escape ot met nad 
rat} 
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The vari 
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(2) n r 
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Spec. at Temp 


456 8 


20 30 40 O 80 


Time (Minutes) 


Volta potential of copper oxidizing in air vs. silver. 


As oxidation continues, rates of escape of ions 


and of electrons approach each other, and some 
flow 
the 


electron 
after 


factor other than assumes 


the rate, particularly oxide grows to a 


thickness corresponding to equilibrium electric charge 


distribution at the metal-oxide interface (or when 


the Fermi levels in metal and oxide become identical). 


Thicker oxides forming beyond the boundaries of 


the layer are electrically neutral. 


should 


space-charge 


If escape of electrons and ions continue 
to control the rate at this stage, as is possible, the 
leading to 
But 


would 


rate would become constant. 


kat Cs). 


instance 


oxidation 


the so-called linear equation, (y 


the constant oxidation rate in this 


be preceded by an initially more rapid and gradually 
decreasing rate. Gulbransen and Wysong™® found 
these 


type ot 


somewhat along lines, 


that this 


aluminum to behave 


which 


control is sometimes found. 


may confirm oxidation 
Aluminum when oxidized 
450°C the 


equation, and above 450°C followed the 


in low-pressure oxygen below followed 


parabolic 


linear equation. Whether one equation or another 
is obeyed probably depends on the defect structure 
of the oxide under the particular conditions of any 
That is, 
determine 
the 


given experiment. factors become im- 


portant which whether sites continue to 


be available, as oxide grows, for trapping of 
establish 
the 


diffusion 


electrons or positive holes, and which 


whether control of the rate remains at metal- 


oxide interface or is transferred to and 


conduction processes in the oxide. Also, patterns of 
crack formation in the oxide may play a role in 
accord with the conventional explanation of mecha- 


nism applied to the linear equation. Nevertheless, 


cont rol ot 


30th at 225°C. 

it is apparent that the linear equation, as described 
above, may also hold for metals covered by a con- 
tinuous protective oxide film free of cracks. Such 
protective films have, in fact, been observed when 
the 
oxidizes initially.47- 48) Also, the black crustaceous 
MgO found by Rhines“? to the 
metal white MgO forms, 


be visible evidence of the space-charge layer, as 


magnesium, which follows linear equation, 


Leontis and next 


surface, over which may 
well as evidence, as they suggest, of a nonstoichio- 
metric composition. 

Evidence for the trend of space charge with oxide 
Volta potential 


oxidation in 


growth is provided by contact or 


measurements of metals undergoing 


air at elevated temperatures. Typical potentials of 
copper oxidized in air at 225°C and of zine at 200°C 
Figs. | measurements 


given in and 2. These 


are 


Spec. at Temp 


8 10 20 30 40 60 

Time (Minutes) 

Volta potentials of zine oxidizing in air vs. 
silver. Both at 200°C. 
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were made employing the vibrating condenser 


method.'49; 59) A 


heated electrically to the same temperature as the 


silver electrode as reference was 


copper or zinc electrodes, all of the same size (1 | in.) 
the temperature of the electrodes being measured and 
of 
oxidation 


controlled automatically means embedded 
The for 


copper results in a Volta potential 0.5-0.7 V more 


by 
thermocouples. initial process 
active than silver, and for zine about 1.5 V 
to 


a positive space charge in the metal oxides. 


more 
of 
As 


the metals oxidize further, these potentials become 


active than silver, corresponding 


buildup 


first rapidly more noble (more like Ag), indicating 
that the positive space charge is being neutralized, 
followed by a less rapid and prolonged trend in the 
noble direction. 

Volta 


Hirschberg 


Similar conclusions may be derived from 


potential measurements reported by 


and Lange.“ They heated zine surfaces between 
20 and 407°C for 20 min at each temperature, and 
Volta 
sumably at room temperature rather than at elevated 


to At 


lower temperatures of oxidation and hence for the 


measured potentials of such surfaces (pre- 


temperature, as above) with respect zine. 


thinner films, the sign of Volta potential corresponded 
to a positive space charge in the oxide, but for higher 
the 


temperatures and thicker oxide films sign 


reversed. 
Volta potential measurements of metals undergoing 


oxidation are not easily reproducible, so that 


quantitative features of Figs. | and 2 should not 


assume great weight. Qualitatively, however, the 


trend of effects can be reproduced from one run to 
the next. These measurements are being continued 
at various temperatures and for various metals, and 
will be reported elsewhere. In all instances observed 
so far, the sign of Volta potential after an initial 
period of oxidation corresponds to decreasing positive 
space charge or increasing negative charge. Inter- 
pretation of Volta potential measurements as de- 
above that electric charge at the 


scribed assumes 


air-oxide interface remains essentially constant, 


which is a reasonable assumption for constant partial 
of that of 


is by electric 


pressure oxygen: and major change 


potential accounted for changing 
charge in the thin oxide films. 

the 
changing space charge in the oxide layer 


of the to 


The potential at metal-oxide interface set 


up by 


alters, course, work necessary carry a 


positive ion or electron across the interface, and, 


hence, influences their rate of escape into the oxide. 
It is this approach to the oxidation process that is 


explored next. 


RATE OF METALS 


Calculation of Oxidation 


We shall 
growing oxide film of total thickness y is 


the 


consider first that excess charger 


distributed throughout oxide volume 


corresponds to an oxide with uniform 


which electrons o1 


When a 


a supposed thickness /, we shall further assume that 


impurity density at 


DOSITI VE 


holes are bound film of this kind reaches 


the total negative charge in th 


at the surface exactly 


he 


metal compensating 


positive field positive field results from 
metal ions of positive charge escaping into the 
or, alternatively, results from the electron 


outel oxide 


film 


at lattice vacancies formed at the 


the hypothetical thickne 
field at 


reaches the equilibrium value or zero (Fermi levels 


Therefore, when 


becomes 7, the electric the metal url 


in oxide and metal 
of film 


charge can exert 


are equal 5 corresponding TO 


order thickness beyond which the s} 


either a constant 


effect on electron escape and rate of oxide 
If n iS the density of trapped electrons in the oxide 
the electron, the 


and e is the charge 


V at 


on potential 


the metal-oxide interface is Poisson 
relation: 


d=} 


dy* 


where ¢€ is the dielectric consta f the oxide 


the term y 1s the total oxide thickness at an) 


time. Then integrating (5), 


dy 


Since the field dV /dy equals zero 


when the assumed thickness of 


density film is /, it follows that 


and 


Now, the potenti il at the metal surface is 
that the 
approaches Zero, where ed LS 


the 


for the condition oxide-film thickness 


required 


remove an electron from place it 


the oxide at the metal-oxide in and 


apparent positive potential at the metal surface 


created by the growing oxide. The term v, in general 


is numerically equal to the potential difference between 


the metal-oxide interface and the oxide-oxygen 


interface for metal-oxide systems in which lattice 
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liffusion of oxygen ions toward the metal is negligible. 
\s will be 


lectron affinity of oxygen adsorbed on the oxide; 


shown later, v is approximated by the 


constant independent of oxide 


the 


therefore. a 
like 


independent of 


it is 


sub- 


Then 


and, work function, it is 


thickness 
stantially temperature. 


( 


For values of y much smaller than 7, the term 


y*/2 can be neglected. Hence, from equation (7), 
the potential affecting escape of an electron from 


the metal surface in contact with an oxide of in- 
creasing uniform negative space charge is approxi- 
mated by: 


(9) 


Rate of oxide growth dy/dt is proportional to rate 
of escape of positive ions, which in turn is con- 
trolled by rate of electron escape. Electron current 
across the contact of a metal and a semi-conducting 


oxide is found to follow an equation of the type:'>” 
ey’ 
exp (9) 


kT 


A’ exp 


1‘ is a constant, d is the work function of the 
the 


where 


metal modified by contact with oxide, and v’ 
is the applied voltage across the metal-oxide inter- 
face. The above equation satisfactorily describes 
the observation that log ¢ for a rectifying contact 
is linear with v’ over a limited range of applied 
considerations, v’ is 
found to be in the 
(ev /kT) is much greater than unity (at 1 volt, 25°C, 


ev /kT’) = 39), 


voltage. Since in our present 


the order of volts. term exp 


and, hence, equation (9) simplifies to 


A’ exp (10) 
This equation neglects the reverse electron current 
oxide to metal and considers as important 
current the 
of this kind is justified by the high positive field at 
first 


leaving metal.* A simplification 
and 
Then 
since the rate of film growth is proportional to 
dy dt) 


the metal surface when a metal oxidizes 


whenever the oxide film is relatively thin. 


electron flow. where (/ is a constant, 


and employing equation (8) for the actual potential 


Equation (10 


the metal and e1 


to electron current 
this 


as is the case 


applies in theory only 


itering the oxide when 


flow or forward direction, when 


Oxidation of 


tion Ot easy 


copper oxidizes. zinc, to the contrary, corre 


flow in t he blocking direction. 


sponds to electro1 
data for that an 


but with values of 


voltage rectifving contacts indicate 


current 


equation applies of the same form as (9 


1’ and differir 
in the 


g from corresponding values for current flow 


forward direction. See Ref. 52. p. 84-85. 


is the 


but even here 
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at the metal surface, i.e. substituting (4rrne/e)ly 


for v’, we have: 
A4ane?ly 
ed 
dy € 
A exp 


dt kT’ 


A now replaces A’p. This equation implies 


where 
that the effective applied voltage v across the metal- 
the 


the 


decreased by accumulating 
negative charge in the 


Integrating on the condition that when y = 0, t = 0: 


oxide surface is 


oxide as oxide grows. 


e(d v) 


kT 


ekT 


which is the same form as the logarithmic equation 


ek T 


n 
4ane?l 


exp t+ (12) 


observed experimentally, namely: 


ky In (- +1) 


ekT 
ek T 


where k 


e(d ed 


and ‘xp = exp = 
k7 

The above equation (12) applies only to a limited 

At the stage of 


where the existing interface electric field 


film thickness adjacent to the metal. 


oxidation 


and oxide structure are no longer conducive to 


filling all available sites for trapped charge in the 
the available sites become only partially 
the 
oxide further removed from the metal is no longer 
influenced by the 
On this 


becomes a 


oxide, 


occupied. Hence, excess charge density in 


saturated and uniform, but is 


potential existing at any point in the film. 
premise, nonuniform charge density 
property of films that are thicker than those con- 
sidered above. The situation is similar to the diffuse 


double layer at metal surfaces in contact with 


electrolytes, as described by Gouy,@®) Chapman,” 
and Stern.) For oxide films still thicker than the 
diffuse barrier layer, the space charge disappears, 
and the oxide becomes electrically neutral. 

When the charge density in the oxide depends on 
potential V, the density of positive charge in accord 
with the derivation of Mott and Gurney'®® can be 
expressed by , exp (—eV/k7), and the corresponding 
density of negative charge by ny exp (eV/kT) where 
n, and ny respectively represent the density of 
lattice sites at which positive and negative charge 
attach itself. The 


density n is the difference of these expressions, and 


may excess negative charge 


assuming 7, 


(14) 


18 
J ly (d v). | | 
(13) 
4 
eld 
leaving 
n = ny (exp— — exp—— }. 
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OXIDE 
Fic. 3. Schematic diagram of trapped negative charge in 
uniform and diffuse barrier layers. Positive charge 
localized as shown, or distributed throughout a larger volume 


may be 
of oxide. 


If the energy eV is small compared with k7', the 


exponential terms can be expanded, neglecting 


higher-power terms than the first, whereupon 


of V 


kT’ 


(15) 


Substituting this expression for » into the Poisson 
equation and assuming the potential to be zero 
Cc", at 


diffuse-charge density 


when the field is zero, and V 0, where 
Y marks the distance into the 


layer: 
exp 


ekT’ 


» 


where 2, 


and is the 


as 


is equal to | 


potential at the oxide-oxygen interface corresponding 
to the oxide thickness 1 marking a transition between 
uniform and diffuse charge density. The density of 
falls off rapidly 


> 


distance Y into the oxide (Fig. 3). 


negative charge n obviously with 
If we now considet 
the potential at the metal-oxide interface produced 
by the diffuse space charge, potential V must become 
with increased total thickness of 


more negative 


oxide y, following an equation identical with the 
above, except for sign of the exponent and wher 
Og equal to the potential at the 
If we 


0 when the thickness of oxide is 


is replaced by OF 


oxide-metal interface when y = 0. assume for 


simplicity that y 
L corresponding to a transition from uniform to 


diffuse 


charge density, then from equation (8) 


4ornelL 


(16) 
€ 


The oxidation rate as before is proportional to the 
number of electrons escaping from the metal into 


the oxide per unit time. From equations (10) and 
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relation J ( the 


the 


(16), and the 


oxidation rate is given by 


e Ysa 
Xp oY 


following 


expresslon 


( exp 


dy 


A exp 


kT 


Furthermore, on the condition 
hye expanded and 


As 


equ ils 


the term exp (2y/x,)) can 
snc 


surtace 


mated 
n, tor Cu,O at 


by | 


1] 
Will 
yi 14 


2). therefore. equals 16,000 A 


0 
and (Lp 


is measured not from the metal 


the point at which the oxide grows beyvon 
density of negative charge: it is appreciab] 
than values of oxide thickness y with which we 
presently concerned, and on this basis expansion 
justified. Integr: 


iting 


the exponential term 18 


the condition that when y QO, 


where k’, 


two jog 


We 


the first. equation 


therefore 
(12 


function ol 


obtain. 


expressing the 


time during 


oxide Yasa 


space charge having uniform charge dens 


second. IS 


ol 


equations indicate that 


equation corresponding 


oxide having diffuse spa 


should occu it the 


space charge To that second 


literature support this conclusion 


the logarithmic 
fol 


4 


ana 


( h inges 1n 


been observed several metal 


coppel 2,3 
| 


obtained for the temper 
lacNairn 
the 


coppel were 
by 


results at 225°C 


d ita 
linea 


ol 


show a similal 


Mncrease 


and an 


thickness Oxide 


a critical Specime! 


copper measuring | | in wer 


oxvgen. using a resistance winding cemented 


wedded 


ace. A thermocoupl 


both fol nie 


The sp 


specimen, tempera 


regulating it automatically 


-- - - Dy 

17 

|Density Borrier Layer later 

}Borrier Layer | 

Le | _ Space Charge Layer This 
— 

Y exp t Ls 
which again is of logarithmic type: y= k’, In| 
( kl 
JOL. 
+) 
4 of 
1956 Col Ce 
2Y 2n el and | exp — exp - 
and ED 2A of kT kel 
transition from t t-ty)] 
Data in 
Recent dat 
Ce 
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me ( minutes 


Thickness of oxide film on copper as a function 
Filed surface. 


Fia. 4. 


of time at 225°C in oxygen. 


surface prepared using a clean No. 4 file, was in- 


troduced into an all-glass chamber containing 


flowing purified N,, and the temperature brought up 
to the required value, using low-voltage a.c. current. 
Oxygen was then admitted, and the time of oxidation 
measured from this point, after which the specimen 
was cooled in N,. Thickness of the Cu,O film was 
determined by cathodic reduction in 0.1 N KCl, 
employing a small constant d.c. current. 

Observed values for ky, k’). t, and 7’ are summarized 
2. Values of 7 obtained by extra- 


in Table were 


polating the first slope to y 0, and for 7’ by noting 
the time at which change of slope occurs. In each 
value of 
inherently subject to 


the observed 
Values of 7. 


large experimental error, vary from 0.03 to 0.3 min, 


instance, is consistently 


higher than 
averaging 0.12 min, and for 7’ vary from 6 to 14 min, 


averaging 11 min. Thickness of oxide 1 at which a 
change of slope occurs and which is equivalent, 
according to the foregoing theory, to thickness of 
that 
charge density, increases by a factor of 4.5, 


L50°C to 250°C. 


portion of the barrier layer having constant 
going 


from Lustman and Mehl’s) oxida- 


tion measurements on single crystals of copper 


scatter appreciably, but show similarly that k’, is 


with values generally 


consistently greater than ko, 


of the same order of magnitude as data of Table 2 


2. Oxidation rate constants for copper (Mac Nairn) 
L (value 
of y at 

change of 


slope) 


280 A 0.3 min 13 min 360 A 
520 0.1 14 750 
1630 0.06 1540 
2440 0.03 6 1630 
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for overlapping Their values for 

7 and 7’ vary from 0.02 to 0.8 min and from 8 to 80 
respectively, the 

155°C. The significance of these terms will 


be discussed short ly. 


temperatures. 


min, within temperature range 


SO” to 


The Cubic Equation 

It is of interest to note that if the density of 
negative charge » in the diffuse barrier layer falls 
off, not as described in deriving equation (18), but 


in accord with the Boltzmann expression: 
Ve 


) 19 
kT 


Ng CX} 


then upon substituting into the Poisson equation, 


-(58) 


the solution for potential V is of the type: 


20) 


where. The above 


as before, 2, 


solution assumes that the field (dV /dy) tends toward 
zero as y approaches infinity, and V = 0 at y= 0. 
If instead we place the condition that at the metal 
surface V = C, when y = 0, where C, is the potential 
at the metal surface for critical thickness of uniform 


barrier layer L, then 
y 
In - exp 


“9 


2] 
2kT 


The sign of the potential is such that V becomes 
the the 


Substituting into equation (10) for electron current 


more negative greater oxide thickness y. 


from metal to oxide, which is proportional to oxida- 
tion rate, we obtain; 
dy eV 
A exp 
dt k7 
dy 


A exp In 
dt 


the condition 


we obtain an equation of the cubic form: 


Integrated on that y 


Coe\” 
2kT 


(23a) 


The cubic oxidation equation has been shown to 
hold approximately within certain ranges of tempera- 
(24, 59, 60) nickel, (61) 

One is led to the 
conclusion, therefore, that charge distribution in the 


ture for oxidation of copper, 


titanium,'®?) and tantalum. 


550 
| 

2kT 
In 1| 
Xo 
2 

or exp (25) 

TABLI ; 

150°C 90 A 

25 

225 310 

250 2G0 


UHLIG: OXIDATION RATE OF METALS 


barrier layer may follow ore i i ingle é or 
a ) more than a single pattern, 7 may actually vary slightly with temperature 
depending on experimental conditions, anc 
| ' g on | riment il conditions, and that the for some metals and not at all for others, precision 
particular pattern followed becomes apparent through of present-day data, includi valu in Table 2 

the oxidati behavior of : ti x 

xidation behavior of the metal. are not adequate to imply a conclusion different from 


In 
11/7 


A cubic-rate equation has been derived by 
Mott,‘®*: 2%) employing the premise that diffusion of that of Tammann’s Cherefore 
cation vacancies is rate-controlling where the number ; 

considered negligible or zero. and 
of vacancies is proportional to number of negative 
ions per unit surface area and to a linear field set up d In ky AP e(Ak 
by the ions. Engell, Hauffe, and Ischner'® derived d1/T I 
a similar equation based on migration of positive where AZ is the activation energy fo 
holes and diffusion of lattice vacancies. The electron volts from the Arrhenius relatioy 
present derivation is based on electron flow from the exp (—eAE/kT), ¢ is the work function 
metal as the controlling step in the oxidation process, modified by contact with the oxid 
and, hence, differs basically from both derivations of constant positive potential in the oxid 
Mott, and of Engell e¢ al. Further experimental — sufrace (approximated by the electron 
work is needed, including effect of grain orientation, the oxygen atom). If X, and X, are work 
of Curie temperature, and of lattice transformation of the oxide at the metal ‘inthis and oxid 
on constants of the cubic equation in order to decide interfaces. respectively, it follows that 
whether the rate for any given metal is controlled 
by processes of diffusion and conduction in semi- , : 
conductors, or by electron flow from metal to oxide where ¢, is the work function of the m« 
at the stage where deviations from the logarithmic the electron affinity of oxygen, and 
equation become marked. For thicker films, where additive energy introduced by adsorption 
the parabolic equation takes over, it is clear through on the oxide. If X, X, 
the work of Wagner” that ion-diffusion and electric- AE 
conduction processes become dominant. , 

which is the Rideal-Jones relation a 
Derivation of the Rideal-Jones Relation oxidation of metals forming thin, nonvola 

From equation (11), taking the logarithm of both and is the empirica expression originally 
sides, we have: for W, Pt, and C, which form volatile oxides 

dy eld v) 4arnel If the work function of the oxide at th 


dit LT interfa 


the oxygen intertace, then AK will 


hi 


is less than the work fun 


value calculated from equatio1 


t 
Also, from the relation y = k, In (- 


may be the situation for both 

dy Do AE or of K for Cu 

In In Re In (¢ + and tor Fe are + 4 

( 
activation energy for Cu Is 

Comparing (24) and (25), and remembering data 


ekT 


and for iron from Davies 


data.* The work functions are from 


ko 


e(d v) 
In ky -Ine+InA. (26) 


kT 
The constant A essentially temperature- 


dy ko 
independent. Since , the term 7 is the 
dt} 


time necessary to oxidize the metal to thickness 


k, at the initial oxidation rate. It was found by oe a 
to be strictly independent the same activ: 


Tammann and Koster 
of temperature, based on their oxidation data for oxidatic 

J with the exceptiol 
a variety of metals. Although it is conceivable that 


mental error is perhaps 


51 
JO! 
4 
\ en, (29) a 
we have 
Cu and | \ lt 
$5 02S e\ 
1.1 e\ he 
fro) 
iA 
that hl In 1} H 
| \gar I t! 
151 t 
of the 15 
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absolute 


temperature 


for copper o Filed surfaces. 


are larger than 3.6 eV. the average 
Table 2. When 


both for metal-work 


These values of A 


value for elements listed in more 


data are available 


precise 


functions and for activation energies of oxidation, 


more definite conclusions will be 


possible than are 


now warranted. 


Using a derivation similar to that given above. 


be shown that 
d\n k’ 


30) 


and k’ 


whe re ( v9 is the 


is given by equation (16), 
second and steeper slope obtained by plotting Yy 
vs. In ft. 


DISCUSSION 


In accord with equations (27) and (30), plots of 
k, and log k’ 


) 
*O 
means for 


»: using data of Table 2, vs. 1/7 


provide calculating v) and 


From slopes of data so plotted in 
0.28 eV 0.42 eV, 
4znel L 
Since 
€ 


respectively. 


Fig. 5. these values are and res- 


pectively. v) (equation 


16), we know all terms of this equation except the 
On the 
225°C L540 A 
Also, from the relation 


basis 


product nl. for which we can solve. 


observed JL at 


that e 10.5 and 


(Table 2), 
ekT 


9 


nl 5.3 


and employing the observed value for 
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1010 


value 


ky 


which is in 


at 225°C equal to 310 A, we obtain nl 8.] 
agreement with the 


from OF and (d v). We 


calculate a value for n, from the relation given in 


reasonable 


calculated can next 


equation (18) that kh’, | 7 ). and from the 


») 

of 

ekT 

observed value of 1630 A, where 


The corresponding value for n, is 4.9 « 10!, which 


is the density of available sites for trapped electric 


charge in the diffuse space charge layer. This density 


is equivalent to about one lattice site for every 
5 10® molecules of Cu,O. 

We have next to check how density 7, compares 
with density » of trapped electrons in the uniform 
space charge layer. Since only the product n/ is 
known from experiment, an estimate of / must be 
made through equation (7), substituting V d 


at y=I and C, (d6—v). It that 
4znel* 


Ze 


follows 


Since the value of v is the same order 
as AK (equation (29)) or the same order as the modified 
electron affinity of oxygen equal to 3.6 eV, we find, 
10!° for the average value of nl, 
in accord with the that 
i= 6.2 l0-4cem. This value for / represents the 
the 
diffuse 
It is larger than 


substituting 6.7 
foregoing calculations. 
thickness of uniform 
(the 


layer may be considerably thicker). 


theoretical maximum 


charge density barrier layer barrier 
the observed thickness of uniform barrier layer L 
by a factor of about 40, and should be approximately 
comparable with the thickness of the “blocking” 
laver next to the copper surface in the Cu-Cu,O 
rectifier. The thickness of the blocking layer is 


estimated from capacitance measurements to be 


about 10-4 em.'®4) which is not far from the above 


caleulated value for /. 
Knowing the value for 7, the value for n. therefore, 


6.7 
or 1.08 
6.2 10-4 


actual density of trapped charge in the Cu,O layer 


equals 1014. Accordingly, the 


of thickness LZ next to the metal appears to be larger 
than the density (4.9 
trapped charge in the diffuse space charge layer 


1012) of available sites for 


farther away from the metal surface. 
This relative difference in density persists, although 


absolute densities increase, if correction is made 


for the larger absolute surface compared to the 
geometrical surface of a filed copper surface. Assuming 
a roughness factor of 3, comparable with published 


values of 3.8.5) and 2.568 for abraded metal 


3000 
ko 2000 
° 
— 1000 

k ko 
800 . 

400 
30 300 
20 200 
250° 225° 200° 77 50° 
Te) 
1.8 1.9 2.0 2 2.2 2.3 2.4 
x 10° 
Fic. 5. Plots of k, and Ss. reciprocal 
it can also 
0 0 
“0 
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those in 


the 


surfaces, film-thickness values such 


values, 


as 


be decreased to one-third given 
both 
making the densities approximately 


Values of / and L 


by one-third. 


Fig. would 


and and would increase 


of 9, 


D 1013 and 101, respectively. 


Mo n by a 


factor 
correspondingly would be reduced 

Values for n, 1, and n, calculated from MacNairn’s 
data at several temperatures and not corrected for 
Values of nl 


roughness factor are given in Table 3. 
are averages of values obtained from observed 
and L, with the exception of 250°C, where only the 
value obtained from L was used. This procedure was 
9 at 250°C falls off 
If the value for k, were included. 
the corresponding calculated value for n/ is 0.9 Lou 
0.5 Table 3. It 


is evident that for cuprous oxide in contact with 


followed because the value for k 


the line in Fig. 5. ° 


compared with given in 


copper, Np decreases with temperature (fewer sites 


for trapped charge in the diffuse barrier layer as 
This is also true of 


the 


the temperature increases). 


the actual charge density in uniform space 
charge layer. Accordingly, the equilibrium: 
Bound 


is displaced to the left as the temperature increases 


hole free electron <> trapped electron 
The observed increase of / with temperature parallels 
extension of the space charge to greater distances 
the the the This 


trend is also reflected by increased observed thickness 


into oxide higher temperature. 


L for the uniform barrier layer (Table 2). 


Brattain'®? calculated the density of holes in 


Cu,O as function of temperature from conductivity 
He 
that a limiting upper density, equal to the density 
ot 


higher-lying 


of the oxide and mobility of carriers. found 


of electron acceptors minus density acceptors 


occupied by electrons from dono 


levels, occurs in the range 1LOO°C or higher and that 
the limiting density is 10'° for OFHC copper and 


1014 for Chile copper. These values are reasonably 


comparable with the calculated density of charge » 


or density of defect sites for bound electrons 7, 


in Table 3. His calculations, however, show that th 


density of holes does not decrease with temperature, 


but instead is relatively insensitive to temperature 


logarithmic 


TABLE 3. Numerical evaluation of terms in 


oxidation-rate equations 


lem 
erature 
I 


¢ 
175°C 


250°C 
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in the region of LOO-C o1 higher and that below LO 


the density increases with temperature 
The for A fig) 4 


culated the lowing 


value In equat ul 


from relation fe 


equ 


tor ¢ cam ple 


310 A, (d 


\ Therefore 


0.86 10 exp 6.53 10-4 em/see 


be remembered that A where 


current 


ford 


the relation between ele 


oxide growth, and whose \ 


1.23 


ensit\ 


is coulomb The 


cm” 


In equation (10), accordingly, equals 


amp/em* e value for 


Th 
Table : 2 


temperatures of 2 amp/em* 


the average value from the relation 


( 


exp and 


Is equal to 3.5 amp/em* These 


These 


roughness fact 


venitude 
third the giv 


ol Lvel 


ordet 


are the same n 


values of A’ corrected 1 


en 


3. would be 
The 
(1S 


ratio t/t as derived trom 


equ iTLONS 


and Is 


equal 
The 
pel 


exponent 


of 
Ture 
and (dé to 0.42 and 0.28 
respectively 1630 
exp 3.3 

167, 


The 


temperatures 


LO.O/f 


14: 


which the 


Same 
average | ( ileulated 
~ 
153 


avel J (lable : snow! 


correspon 


of theory with « xperime! t Is 
The 


work 


described dependence oxidati 


function of the metal a on propert 


semiconducting oxides in conta immedi 


CeSTS several reasons fol 


experiment 
usually encountered in reproducing thin-film « 


behavior Despite refined techniques 


and gas purificatio1 


irface pre paration 


tremely difficult to avoid the trace wh 


ities 
affect 
ol 


films 


the n i \ I function, and 


SItes cl 


The 


micondue ting 


numbe1 trapped 


oxide major influenc 


recently been fully appreciated in connection \ 
nd for tr: 


use of these substances for rectifiers a 


Added to the marked effect of impurities olt 


( 


\ 


ich 


the 


53 
r= — exp —— \t 225°C, 3.6 
i kT 
eX presse 
of Cu.0 — 6 
» it) 
{ 
{ 
. 
k'g eX] 
oF 
J 
A one 
~ 
creatly |__| 
2.3 | 1.0 1.3 10 1.8 10 OnLy 
10% 3.5 LO 3.5 3.3 10-* vith the 
0.67 1.9 1.1 1014 | 6.2 1-4 
0.50 101 6 0.60 1034 8.4 10 ISISTOrS 
7A 


semiconductors. It is 


hniques, ls 


ACTA 


umounts below detection by common analytical 


the appreciable effect of thermal 


atment on the density of lattice imperfections in 


little wonder that various 


investigators have reported difficulty in reproducing 


oxidation 


data at low temperatures: Vernon, 


Akeroyd, and Stroud™ reported such difficulties in 


their study of zinc, Leontis and Rhines'4” in their 


study of 
in their studies of Cr-Fe alloys. 
ot 


Uhlig’) 


A full appreciation 


magnesium, and Brasunas and 


the various factors entering thin-film oxidation 


should help such studies in the future. 
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LETTERS TO 


L’ Interaction Elastique d’Atoms en 
Solution Solide* 


Dans un article datant de quelques années," 


javais donné une théorie générale des énergies 


d’interaction entre un champ de contrainte et un 
défaut (dislocations, atomes étrangers, lacunes, etc.). 
Cette 


celui ot le défaut a une méme constante élastique 


théorie permettait de distinguer deux cas: 
que la matrice (ce qui constitue une généralisation 
de l’effet Cottrell) et celui ot le module du défaut 
est différent, ce qui introduit un terme d’interaction 
supplémentaire. Appliquée au cas de deux atomes 
étrangers en solution solide dans un métal, cette 
théorie dans sa forme primitive, prévoyait que, lorsque 
ces atomes étrangers constituent des “points plus 
durs”’ que la matrice, ils devaient en général s’attirer 
mutuellement. 

Eshelby‘?? de 
calcul de ce cas, et a trouvé un résultat qualitativement 
différent: 


mutuellement. 


Récemment, vient reprendre le 


des points durs devraient se repousser 
Eshelby n’a pas cherché quelle était 
lorigine de ce désaccord. 

En regardant la question de prés, on constate deux 
différences entre la théorie d’Eshelby et la mienne. 

1°—KEshelby s’est cantonné au domaine de lélasti- 
cité linéaire, alors que j’avais pensé que, dans les 
fortes déformations au voisinage d’atomes étrangers, 
il fallait tenir compte des termes du second ordre. 


de 
et 


Ces termes n'ont pas d’importance dans le cas 
Veffet Cottrell 


atomes étrangers) qui est un effet du premier ordre; 


(interactions entre dislocations 
mais entre deux atomes dissous l’interaction est du 
second ordre et le fait de négliger les écarts a |’élasti- 
cité linéaire conduit en réalité A négliger des termes 
qui sont du méme ordre que l’effet lui-méme. 
2°—Mais 


second ordre, on voit que le signe de l’energie dinter- 


méme en négligeant ces termes du 


action est différent dans les deux théories. 


Il est aisé de trouver l’origine de ce désaccord en 


remontant les deux calculs pas a pas: les calculs se 


déroulent de fagon tout-a-fait paralléle, sauf en ce qui 


concerne une des hypothéses de départ: j’avais 


considéré un champ de contrainte uniforme dans un 


petit volume entourant un atome dissous, alors 


qu’ Eshelby un champ dé déformation 


suppose 


uniforme. 


Sans entrer dans le détail des calculs, on peut 


illustrer cette différence de point de vue de fagon 
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les 


d’accord pour démontret que l’introduction d’atomes 


intuitive les caleuls d’Eshelby et miens sont 


plus durs augmente le module moyen d’une mass« 


métallique, ce qui semble LSSCZ normal I] en résulte 


que pour une déformation LM la variation d’éni ro1e 


po 


atomes durs est 


due a l’introduction de ces 
alors que poul des contraintes Lm posées SUI 
externe, cette variation est négative 
Ceci étant, considérons uns 
métal <A 


autre 


masse supposet 


dun dans laquelle se trouve w 


B, B,, 


Prenons Yeme 


d’un métal insertion 


dans 


soit n 


substitution. B 


et cherchons a 


metal 
la 
Pour cela pratiquons une coupure en forme de petite 
B, 
la petite sphere ait un 
de 


un atome 


soit ’introduire n 


sphere dans le métal A et introduisons y l’atom« 
Pour étre correct, il faut que 


rayon au moins aussi grand que celui éecran 


électronique qui s établit autow d’un atome ¢ trangel 


sil s'agit d’une solution solide d’insertion 


conduira a enlever un petit nombre n d’atomes A 


d’inserér en leur milieu latome B, puis de réintroduire 


le tout dans la cavité; sil s’agit d’une solution solide 


de substitution, on retirera de la cavité n atomes, on 


en enlevera un que Von remplacera pal Vatmoe 
puis on réintroduira dans 
A plus latome B, 

Plagons nous dans le cas ot le petit volun 


métal | ¢ 


appelé plus haut un point du 


a un module plus élevé que | 
ai 

Si on considére que l’acte de la réinsertion 
volume impose un dé place ment auxX 
il 
exposées plus haut que ik 


le 
these que fait Eshelby 


parols ad 


est évident d’apres les considérations 


supplement 


a la presence ¢ l’atome b, sera positil 


Si au contraire on considére 


que cette 


produit essentiellement uns rain 


paroi de la cavité, ce supplément sera nég 


ce que j avais suppose dans ma théorie 
entiere sur les contrainte 


La 


facon complexe des 


doit etre entre les deux et cae 


réalité 
forces interatomiques 
question encore mal connue et discutée, 
Oriani meme joul 
Intuitivement et qualitativement, la 
elle d Eshe 


mienne, mais s’en écartera d’autant plus que les 


con 


montré récemment qaans ce 
doit étre plus proche de « ql 


en jeu sont plus compressibles 


‘ 
A 
5 ¢ 
Tar 
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D’ailleurs, il s’agit la de termes qui décroissent 


comme l’inverse de la 6@me puissance de la distance 
atomes étrangers; ils ne se manifestent 


entre que 


lorsque les atomes sont tres proches; et a ce moment, 


comme ils sont du second ordre, ils se trouvent 


faibles vis 4 vis des termes électroniques, de sorte 
qu’en pratique cette interaction élastique n’a probable- 
ment pas grande influence. La question est done 
plut6t académique. 

CRUSSARD 
Institut de Recherches de la Side rargue 
Saint-Germain-en-Laye, France 
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Geometrical Effects Observed in the 
Ti (solid)-Al (liquid) Diffusion Couple 
due to Compound Formation* 
During an investigation of diffusion occurring 
between titanium and aluminum and their alloys, 
an unexpected geometrical effect has been observed 

in the “‘diffusion”’ zone. 
The materials used were titanium (100 A and 75 A), 
RCA-110-AT), and superpurity alu- 


The titanium specimens, 10 « 5 3.14 mm, 


titanium steel 
minum. 
were first abraded using 0-grade emery paper, etched 
in an aqueous solution containing 1.5°, hydrofluoric 
60°C for about 


and 3° 3 min, 


The 


titanium specimens were then immersed in molten 


acid nitric acid at 


rinsed in water and acetone, and then dried. 


aluminum and heated in vacuo at 800 5°C for 
various periods of time. After cooling, metallographic 
sections of the titanium enclosed by the solidified 
iluminum were prepared and scanned microscopically 
the of the 


In addition, X-ray diffraction, microhardness measure- 


to determine growth “diffusion”’ zone. 


ments, and spectrographic analysis were used to 
identify the constituents. 

Figs. 1, 2, and 3 show typical patterns produced by 
the above procedure and illustrate how the apparent 
diffusion zone appears to grow perpendicular to the 
surface of the titanium so that no diffusion occurs at 
the corners. A preliminary investigation has led 
to the conclusion that the “‘diffusion”’ zone (dark-grey) 
consists of an aluminum matrix containing TiAl., 
whereas the areas at the corners (light-grey) consist 
Microhardness measurements 


of aluminum only. 
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indicate that there is slight diffusion of aluminum 
into solid titanium, as there is some evidence that a 
thin diffusion layer, which does not thicken with 
time, exists at the interface. 

Fig. 1 shows a typical diffusion pattern produced 
by heating titanium (white area) in aluminum at 
800 
TiAl, and Al, whilst the areas at the corners (light- 


grey) consist of aluminum. This section was taken 


5°C for 2} hr. The dark grey area consists of 


parallel to the length of the specimen. Fig. 2 shows a 
section taken perpendicular to the length, and was 
5°C for 5 hr. Micro- 


enlarged view of a 


obtained by heating at 850 


of an 


hardness measurements 


corner are illustrated in Fig. 3. 

A survey of the literature shows that a similar 
phenomenon has been observed previously in the 
Fe-Zn Scheil 


9 
workers,“ 


(molten) and co- 


3) 


system by 
that the patterns 
those illustrated 1-3). 


However, whereas the corner angles observed in the 


and “cruciform” 


obtained resemble (Figs. 
present work were always acute and thus resembled 


those produced during the high-temperature oxidation 
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of titanium and tungsten carbide, * the patterns 
obtained by Scheil showed the corners to be right 
angles. 

Scheil points out that, with the Fe-Zn (molten) 
only obtainable in a limited 
450-520°C, that 


the temperature is markedly affected by impurities 


system, this pattern is 


temperature range of about and 
in the iron and zinc. The mechanism of the process 
is considered to be due entirely to the formation and 


crystallization of FeZn,, which forms layers pervious 


to molten zine so that the formation and growth of 


the compound follow a linear law. At temperatures 
above and below the temperature range, FeZn, is 
produced as an impervious continuous layer resulting 
in a parabolic growth law. 

It is considered from the results observed in the 
present work, that the mechanism for the formation 
of the 


three-stage process. 


“cruciform” patterns is due to the following 

Firstly, titanium dissolves in the liquid aluminum 
at a rate which is very rapid compared to the rate 
A saturated 
solution of Al-Ti is thus produced from which TiAl, 


of diffusion of aluminum into titanium. 


precipitates as a loosely adherent layer around the 
titanium. Since this layer is pervious to the molten 
aluminum, TiAl, forms continuously at the AI-Ti 
interface, resulting in the initial layers being forced 
away from the titanium surface. Finally, the tensile 
stress in the continuous layer of TiAl, becomes 
sufficient to cause rupture at its weakest pionts, i.e. 
at the corners of the titanium. 

The concurrent formation of TiAl, at the interface, 
rupture of the layer, and the decrease in dimensions 
of the titanium specimen result in a cruciform pattern 
in which the outer dimensions of the layer correspond 
to those of the titanium originally. This mechanism 


also accounts for the acute angles observed. 


THE EDITOR 


It would appear that the cruciform 


Ti-Al Fe-Zn 


are due to compound formation, producing layers 


patterns 


obtained with (molten) and molten) 


Fe-Zn 


(molten) system the patterns have been explained 


which are pervious to the molten metals resulting in 


a linear growth law. However, whereas in the 


by Scheil as due to a process of crystallization only, 


it is considered necessary to postulate the above 


account for the crucift 


Ti-Al 


Further work is being carried out on 


three-stage mechanism to 
the 


rm 
molten system 


the 


pattern obtained with 
of the process 

J. MACKOWTIA 
Metallurgy Dept. 
Battersea Polytechnic 
London 
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Gases in Rocksalt and the Joffe Effect* 
The Stress-strain Curve 


In this note we report preliminary results of 


experiments which indicate that gases can effect in a 
considerable way the mechanical properties of 
rocksalt single crystals. 


A small block, 


freshly and 


cleaved from the interio1 
rocksalt 


micro-tensile 1 


made well-annea!ed 
crystal was divided into different parts 
compressed in a Chevenard 
It was observed that some difference existed bet 
the 


immediately 


the 
the 


mechanical behavior of parts examin 


after dividing original block 


those that had been exposed to dry air fol 
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MET 
of weeks. This aging effect could only be due to 
adsorption of gases. In order to obtain more definite 
information, blocks, cleaved from neighboring regions 
of rocksalt single crystals, were heated at 300°C 
in an autoclave filled in turn with nitrogen, hydrogen, 
and argon ata pressure of 10 atm. 

Stress-strain curves were made after each treatment. 
The results are summarized in Fig. 1. It was found 
that hydrogen and argon gave no observable effect; 
the 
obtained for crystals which had not been submitted 


stress-strain curves were identical with those 


to a gas treatment (curve 1). 
Nitrogen, on the contrary, had a marked effect; 


the 


harder than 


after a 
the 


the lamella cleaved from block 


48-hr. run 


interior part. 


outer 


were much those from 
Smaller blocks and longer runs gave 
curves marked 2 in the figure. 

Heating at 650°C in oxygen at reduced pressure 
makes the crystals softer (curve 3). This effect is 
far more marked when the same treatment is applied 
in argon under reduced pressure or in a high vacuum 
(curves 4 and 5). 
the curves alters quickly when the crystals are exposed 
to air. After two or three hours it becomes comparable 
with curve 1: approaches it more and more closely. 
The reported examples show that the stress-strain 
curve of rocksalt is extremely sensitive to treatments 
consisting in adsorbing and (or) dissolving gases in 


the crystals or desorbing them. 


2. The Joffé Effect 


It has for long been known that rocksalt crystals can 
be heavily deformed under water or whenthespecimens 
are wetted. When this precaution is not taken, 
surface cracks develop after a certain amount of 
deformation and they spread very quickly through 
the crystals. The dissolving action of the water, by 
which incipient cracks are healed or removed, has 
mostly been accepted as the explanation of this 
Joffé effect. 


the case and that the water layer essentially prevents 


We were able to show that such is not 


adsorption of gases on the surface features resulting 


this, the following 


procedure was adopted. The surface layers of cleaved 


from slip. In order to prove 


specimens were dissolved in alcohol; they were 


afterwards rinsed with ether. Some were allowed to 
dry in air and were deformed immediately afterwards 
in a small and rudimentary tensile machine. Surface 
cracks developed very quickly after a small amount 
of deformation. 

Other samples were transferred immediately after 
rinsing into a small tank filled with ether or paraffin- 


oil. Under these liquids, which have no dissolving 
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In the latter cases the shape of 
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action at all, the specimens could be deformed as 
heavily as under water. This is consistent with the 
of Joffé® 
deformed 


statement 
wetted 
surface cracks some days afterwards if they had been 


that crystals which had been 


could be without formation of 


stored in a vacuum. 


3. Conclusion 


The reported experiments indicate that the stress- 


strain curves of rocksalt crystals are markedly 


affected by 
under certain circumstances, diffuse into the crystals. 


gases, especially nitrogen, which can, 
The layer containing the gas varies in thickness 
according to the previous history of the specimens 
the of the 


This indicates that the gas molecules pin 


and is much harder than other parts 


crystals. 
down the dislocations and prevent their movement 
in the considered layer; the resulting piling-up 
produces the surface cracks. That the adsorption is a 
rapid process is proved by the fact that screening 
from air during deformation has a major effect: 
this points towards open dislocations. The presence 
of a more or less developed hard layer may be respon- 
sible for the large discrepancies between theoretical 
considerations about the plasticity of rocksalt and 
the observed properties.) In order to check this, 
we are now examining the mechanical properties 
of fully degassed crystals in a gas-free surrounding. 
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Elektrische Leitfahigkeit und Suszeptibilitat 

des Systems Titan-Aluminium* 

Fiir das System Titan-Aluminium wurde nach den 
bisherigen Untersuchungen") angenommen, dass 
das Gebiet des homogenen «-Mischkristalls sich von 0 
Ahnliche 


Léslichkeitsverhaltnisse wurden fiir das System Titan- 


bis 25 Gewichts-°,, Aluminium erstreckt. 


Zinn festgestellt. ‘© Das homogene Gebiet erstreckt 
Wahrend 


a-Legierungen 


sich hier von 0 bis 20 Gewichts-°, Zinn. 


aber im System Titan-Zinn alle 


verformbar sind, ist dies beim System Titan-Alumi- 


nium nicht mehr der Fall, wenn der Aluminium-Gehalt 


7,5°% iibersteigt. Dieser Unterschied in den 


mechanischen Eigenschaften veranlasste uns, das 


elektrische und magnetische Verhalten der «-Legie- 
rungen im System Titan-Aluminium zu untersuchen. 
Als Ausgangsmaterialien dienten in unserem Labora- 
torium hergestelltes Jodid-Titan (Brinellhairte HB,, 
90 kg/mm?) Magnesium- 


130 kg/mm?) 


durch 
(HB. 


30 


und technisches, 
Reduktion gewonnenes Titan 
mit einem Eisengehalt 0,04°%, ferner Aluminium 
mit einem Reinheitsgrad von 99,99° . Die Legierungen 


Wolfram-Elektrode 


unter Argon (99,99°,) erschmolzen und zur Homo- 


wurden im Lichtbogenofen mit 


genisierung zweimal umgeschmolzen. Die elektrische 
Leitfahigkeit wurde nach der Kompensationsmethode 
im Temperaturbereich von 190°C bis LO050°C 
Die 
Temperaturen 
Hg), teils 
Bei den 


die 


gemessen. Messungen bei gew6dhnlichen und 


hoheren wurden teils im Vakuum 


(<10-4 mm unter sehr reinem Argon 


durchgefiihrt. Tieftemperaturmessungen 


befanden sich Proben in der entsprechenden 


Kaltemischung. Die beim Aufheizen und Abkiihlen 


Werte 


einigen 


stimmen im allgemeinen gut 
Fallen 


hungen gefunden, die aber 3 


gemessenen 


iiberein: in wurden kleine Abweic- 


nicht itiberschreiten. 


Einige Proben wurden bei verschiedenen Tempera- 
turen tiber 20h auf konstanter Temperatur gehalten 


Die maximale Anderung der Leitfaihigkeit, die dabei 


beobachtet wurde, betrug 2°,. 


Es kann daher angenommen werden, dass die 


gemessenen Werte praktisch die Gleichgewichtswerte 
Jodidtitan 


darstellen. Zwischen den aus und aus 


technischem Titan geschmolzenen Proben war kein 


wesentlicher Unterschied festzustellen. 


Tis 20%Al 


Tis8% Al 


Spez Widerstand der Legierungen 
in Abhangigkeit von der Temperatur 
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Die Messungen der Suszeptibilitat wurden nach det 
Zylindermethode 


durchgefiihrt. 


und nur bei Raumtemperatut 


Zur Eliminierung des st6renden Ein- 
flusses der ferromagnetischen Verunreinigungen wurde 


angegebene verfahren benutzt 


das von Knappwost 
Abb 


fiir eine Reihe von Legierungen 


| zeigt die Widerstand-Temperatur-Kurven 
Auttallend Ist 
einmal das starke Ansteigen des spezifischen Wider- 


von 12 Aluminium und 
Bereich 


minium der Temperaturkoeftizient des Widerstandes 


standes in der Gegend 


weiter, dass in dem von etwa S—22 Ah 


i 


iiber ein mehr oder weniger grosses Tempet 
intervall negativ ist 

Die Beziehungen des elektrischen Verhalten 
besser an H 
Isothermen des spezifischen Widerstandes iiberseher 
Abb. 2 dargestellt sind. M 


Kurven 


Phasendiagramm lassen sich 


von denen einige in 


sieht sofort, dass diese mit dem 


angenommenen Zustandsdiagramm unvereinbar sind 
Die 


Losung zu 


dem fiu homogene 
Verlaut 
Konzentration 


Verhalten 


Hinblick auf die gréssere Empfindlichkeit der elek 


Abweichungen von eine 


beginnen etwas 


Anom 


vuitreten. Was im 


erwartenden 


unterhalb det bei der die 


im mechanischen 


trischen Methode ohne weiteres plausibel ist 
Der Verlauf der spezifischen Suszeptibilitat, der in 
Abb. 3 


Annahme einer sich 


wiedergegeben ist, zeigt ebenfalls, dass chic 


bis 25 Gewichts-' Aluminium 


erstreckenden homogenen Lésung kaum zu halten ist 


4 Jodid-Titan 
Handeistitan 


lsothermen des spez.Widersta 


n Abhangigkeit von Al-Ge 


4 
4 
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Spez. Suszeptibilitat verschiedener 
Ti-Al-Legierungen bei 20°C 


| 


Fic. 


sich unschwer Phasendiagramme kon- 


Man 


struieren., welche den mitgeteilten Ergebnissen Rech- 


kann 


nung tragen. Dieselben wiirden jedoch ohne 
Heranziehen weiterer experimenteller Daten einen 
mehr oder weniger spekulativen Charakter besitzen. 
Wir ziehen es deshalb vor, diese Frage im Zusam- 
menhang mit den Ergebnissen der zur Zeit laufenden 
metallographischen und réntgenographischen Unter- 
suchungen zu diskutieren. 

A. MUNSTER 
Aus dem Metall-Laboratorium K. SAGEL 
der Metallgesellschaft A.G. U. 


Frankfurt Main 
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Note on the Heating Effect of 
Moving Dislocations* 
In a recent paper,” Freudenthal and Weiner have 
that 


severe 


proposed thermal stresses produced during 


fatigue are enough to create microcracks: 


30 


Gew. % Al 


3. 


these stresses are due to highly localized ‘thermal 
flashes,” 
processes, which in the extreme case may raise the 
200°C. 


associated with repeated and reversed slip 
temperature near the slip plane by some 
The heating effect of dislocations moving along slip 
planes is in fact of importance in many aspects of 
plastic deformation. In this note the heating effect is 
different 


assumptions of Freudenthal and Weiner are discussed. 


caleulated in a manner, and some of the 


We take the dislocation to be a moving line-source 


of heat of strength 


brV erg sec"! 


where 6 is its Burgers vector, V its velocity, and 


7 is the applied shear stress. The temperature at 


9) 


xy are rectangular co-ordinates centered on the 


dislocation, y 0 is the slip-plane, and x is positive 
behind the dislocation. A is the heat conductivity 
and « is the thermal diffusivity (K divided by the 
specific heat per unit volume). The Bessel function 


K,(z) has the asymptotic forms 
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The length 
A 2«/V 

fixes the scale of the temperature pattern. It will 
usually be many atomic distances, so that near the 
dislocation 

brV 

In 

r 
(compare Seitz). Even for fairly extreme values of 
the constants, 7’ is of the order of only a fraction of a 
degree a few atomic distances from the dislocation. 

The question now is, do the temperature fields of a 

succession of dislocations add up to give an appreciable 
rise? We can make an estimate in two extreme cases. 
Consider a procession of n equally-spaced dislocations 
spread over a distance A. Then if A Athe maximum 
temperature will be about 


nA 


q 
27K l 2 rh 


and the temperature will be » times what it would be 
at a distance A/n (inter-dislocation spacing) for a 
single dislocation. 


If A. 


A, the maximum temperature will be about 


wih 
2} ie 


Ji 


which is identical with Freudenthal and Weiner’s 


equation (5): 


mk 
where m is the spacing between successive dislocations 
in units of b. As before, there will be a temperature- 
n times that due to a single dislocation. 
too 


rise about 


provided the factor (A/A)’ is not unfavorable. 

To determine the actual temperature rise, we have 
to estimate plausible values for V, 2, », and decide 
the A A, A A 


value of 


if one of approximations 


appropriate. V has a maximum some 
fraction of the velocity of sound, say }V,~10° cm/sec. 
It is commonly assumed that all the dislocations 
on one slip-plane come from the same Frank-Read 
source: if the sweeping velocity of the source is about 
the same as the velocity of the moving dislocations, 
the spacing between successive dislocations will be 
the length of the 
1 


about 7, Frank-Read source. In 


annealed material, / ~ 10-4 em, and, with n 500, 2 


Thus, A A, 


form of our equation is the most appropriate. 


becomes about 10~-! em. and the second 
Freu- 
denthal and Weiner achieve a temperature rise of 
about 8°C on a slip-plane in aluminum, with 500 dislo- 
cations moving at }V, ina procession 10-4 cm in length; 


whereas our model suggests that this procession has an 
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effective length of 10-1 em 


a tem pe rature-rise 
of about half a degree hard light 


24S-T we 


Similarly, for the 


alloy would suggest a temperature-rise 


of about two degrees rather than fifty deg 


This discrepancy, of course 
the the length 
ot dislocations We 


which 


irises Trom the 


values, in two models ot 


procession have considered 


the Case in dislocations move il ely along 


determines thei 
Frank-R 


Weiner ( 


uniformly 


the slip-plane with spacing 
rate of emission from the 
Freudenthal 


and ‘onsider 


dislocations separated b 
interatomic distances. Bunching of the dislo¢ 
because 


the 


in the slip-plane may occul 


but it is unlikely that 
reach the value 


Weiner. Their 


high stresses to keep the dislocations together, and 


forces. average 


Fre udent! 


require 


could suggested DY 


and distribution would 
the stress around the array would then exceed thi 


If the 


was so severe that the distribution was similar to that 


theoretical strength of the material bunching 


of a static pile-up of n dislocations. the distance 


between first and last, 2. would be about n? tim 


the distance between the leading pall 4) as 


against 


We mers 


then that 


Freudenthal and 
We believe 


for 500 dislocations, about 


n times this distance for 


equally spaced procession 


the value of 2 


Frank-Read 


sources 


from the simple picture of the 


might be reduced to 10-* em if bunching should ocew 


but that the figure of 10-4 cm is too small 
The effect of stacking individual slip processes int 
parallel slip-planes mcreases 


nearby 
the possible rise in temperature Freudent! 
Weiner's equation 7 is the same as that 

by different arguments by Cottrel 


6 
ol 


varies linear] 


by QOrowan 
temperature 
1 each plane l rselh h tl 
on each plane and inversely with the S] 
the slip-planes, so that a lara shear o1 
could give an 
temperature. For 
that 


packed planes appre 


this magnified he: 


necessary the neary slip processes 
and Freudenthal and Wein 
The mic 


ana rol 


simultaneously 
that this is not highly probable 
Brown 


evidence presented by 


slip only occurs 


suggests that. during fatigue. 


taneously on planes a micron or moré pal 


“striations” widening and intensifying du 
by the addition of individual slip processes 
Furthermore, if displacements 


ay art 


material woul 


the othe 
were to occur on many planes 200 A 
denthal and Weiner suggest, the 


the equivalent of a homogeneous shear of seven 
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A of the 
q (wA\ dr q 
4 
T KA 
of 1500 A 
Freu 


ACTA ME 


diameters on each atom plane; and this is clearly not 
The 


9) 


achieved over large volumes of the material. 
nearest approximation to this case is fine slip,‘ in 
5O A on 


Here the maximum rise in 


which the displacement is about many 
slip-planes 200 A apart. 
temperature might be a few degrees if many of the slip 
processes occurred simultaneously. 

It seems improbable then that there can be appreci- 
able local heating near the glide-plane, except perhaps 
at very high rates of loading. The creation of cracks 
during normal reversed stressing may be explained by 
the softening 
(11) 


the pile-up of dislocations,“® and 
processes by the local generation of vacancies. 
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Birmingham l 
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Calorimetric Measurements of the 
Grain-boundary Energy in Zinc* 


Although relative grain-boundary energies can be 
easily obtained, absolute values of these energies are 
more difficult to estimate. The values reported in 
the literature are all indirect in the sense that they 
have been obtained by comparing the energy of a 
grain boundary with that of an external surface, 
the surface energy of which is determined, e.g., from 
the dihedral angles formed between the solid and a 
tension. 


liquid of known surface 


This procedure, 
though correct in principle, seems not to be very 
accurate in practice. The present investigation is a 
direct measurement of the grain-boundary energy in 
zine with an isothermal calorimetric method, practiced 
earlier." 2) 

The calorimetric apparatus used for the measure- 
ments 


was an electrically heated and regulated 
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LW 


Grain growth’ 


Oxidation 


O 


time 


Rate of evolution of energy- versus 


curve for a measurement at 282.8 C. 

The 
specimen was located in a central hole in the thermo- 
stat 


thermostat with a very large heat capacity, 


and a series of thermocouples, connected to a 


sensitive galvanometer, was arranged between the 


specimen and the wall of the thermostat in such a 


way that the deflection of the galvanometer was 
proportional to the rise in temperature of the specimen 
caused by evolution of heat due to the transformation. 
As the heat liberated during the grain enlargement 
of a metal is very small—at a grain size of 0.01 mm 
the total boundary energy is of the magnitude of 
0.1 cal/mole must be taken 


extreme precautions 


to reduce disturbing effects, which will be discussed 


in a later article. The zine specimens used had the 
form of granules of a size of about 3 mm with the com- 
0.000015°,, Fe - and Pb - 


The granules were put into a thin-walled 


position: As 
0.05%. 


006°... 


aluminum container fitting into the measuring cell. 
The junction of a Pt-PtRh peltiercouple was located 
at the center of the container for calibration purposes. 

In Fig. | the rate of evolution of energy- versus 
time-curve for a measurement at 282.8°C is shown. 
Although the measurements were carried out in an 
atmosphere of argon, it was almost impossible to 
avoid a small oxidation effect of the specimens, due 
to rests of oxygen absorbed at the surface of the 
This effect 
gives an approximately exponential initial fall of 


granules and the container. oxidation 
the measuring curves. The effect of the grain growth 
in the specimen, from a size of the grains of somewhat 
less than 0.1 mm to about 1 mm, appears as a small 
heat with a 
3 hours. as shown Fig. 1. 


evolution of maximum after about 
The form of the curve is 
bell-shaped, which may be expected for a coalescence- 
process. As the oxidation effect and the growth of 
the different activation, 


the temperatures of the measurements have been 


grains have energies of 
chosen so that the maximum of the latter effect does 


not occur until the rate of oxidation has diminished. 


562 
mole 
600 
Zn 262-6°C Precipitation 
400 
200 \ 
5 hr 
A 
2 
2. 
ij 
5. A 
6. E 
7. A 
6. 
449 (1953/54): P. J. E. Forsytu and C. A. STUBBINGTON - 
R.A.E. Report Met. 76 (1953), Met. 78 (1954 
{cta Met. 


The 


Fig. 


integrated area of the grain-growth curve 


| corresponds to an energy of 0.05 cal. B 
structure before 


the 


studying microscopically the grain 
after the of heat, 


grain-boundary area can be estimated from the average 


and evolution decrease in 
number of intercepts with the boundaries per unit 
length of random lines in sections of the samples. 

The the 
which were carried out in the temperature range 
in Table 1. Aa 
sponding change in interfacial area obtained from 
the the 


results of calorimetric measurements, 


280—-285°C, are given is the corre- 


microscopical examination. 7 is time for 
maximum of the grain-growth curves. The values 
marked with an asterisk are the results of a micro- 
scopical determination of the maximum rate of 
decrease of the total grain-boundary area at constant 
temperature. 
TABLE l. 
Temp. Q 


C) (cal/mole) (em?/mole) 


0.088 
0.068 


o. 
3. 
» 
» 
l. 


From the dependence on temperature of 7, Fig. 2, 


the average energy of activation for the anisotropic 


The 
This 


high value may be due to an activation of more than 


can be calculated. 


150.000 cal/mole 


coalescence effect in zinc 


apparent value was about 
one single atom in the unit process of coalescence, 
and/or to the disturbances in the metal caused by 
the anisotropy in the thermal expansion of zinc 

If the effect of strain is neglected, the energies in 
Table 
ascribed to the decrease of the total boundary area. 


observed during the grain growth must be 
l ol ld tl t] t | 


This gives a specific grain-boundary energy for zinc 
of 1800 erg/em? within an accuracy of about 15° 

Earlier there are only reported values of the interfacial 
energy for copper, 550 erg/em? at 800—900°C, according 
to Fisher and Dunn,*°) and for silver, 300-400 erg/em? 
at 900°C.©.®© These results are, however, grain- 
boundary free energies, while the calorimetric measure- 
ments give the total energy, including the entropy 
term, which must be taken into account, if the values 
are to be compared. A rough estimate of the impor- 
tance of the entropy term on the grain-boundary 
structure may be obtained if, for the interfacial free 
take the value of the surface 


energy of zinc, we 


Stockholm. 


EDITOR 


tension, which is about 820 dyne/em at the m« 
point, and assume that the entropy term fol 
large-angle boundary approximately correspond 
the energy needed for melting a thin lave 

The breadth of the liquid 


IZA 


The concentration of iron and lead in the zine used 


along the grain boundaries 


zone thus obtained is about 


is, though small, higher than the solid solubility of 


these metals at the measuring temperature \ 


certain evolution of heat due to the pre Ipit ition of 


iron and lead might thus be expected. This effect was 


also observed, and was found to occur during ol 


after the grain-growth 


] 


coalescence 


immediately phenomenon 


This close connection between 
cipitation is probably due to a concentration 
impurities along the boundaries on ac¢ 


grain growth, which increases the rate of 
and by that the rate of precipitation 

The results of this investigation will 
discussed in more detail in a pape 
publication in Arkiv for Fysik 

The work has been supported by a gi 
Swedish Council for Technical Research 

Hans U. 

Departme nt of Physics 
Royal Institute of Technology 
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A QUANTITATIVE STUDY OF THE FORMATION OF AUSTENITE AND 
THE SOLUTION OF CEMENTITE AT DIFFERENT AUSTENITIZING 
TEMPERATURES FOR A 1.27°, 


CARBON STEEL* 


GORAN MOLINDER?+ 


The course of transformation of a 1.27% carbon steel after rapid heating to temperaturé 
has been investigated quantitatively. The steel used for the investigation was soft-anneale¢ 
structure consisting of ferrite with rounded grains of cementite. 

The quantitative microscopical measurements on etched specimens have been made, 
analysis. 

The experimental results indicate that the small austenite volumes first formed at a certain aust 
tizing temperature have a low-carbon content close to the A,-line. While the amount of auste: 
increases at increasing time, at austenitizing temperature its carbon content is also increased due 
dissolution of cementite, and at the moment when the last part of ferrite disappears the austeniti 
matrix has a carbon content of 0.55—0.60% at all temperatures used for testing. 

When the austenite formation has been completed, a slow dissolution of cementite takes place, and 
then after a relatively long time a state of equilibrium is attained. 

A study of the increase of carbon content in the austenite as a function of time indicates that the 
factor determining how quickly the dissolution of the cementite takes place is not the speed of diffusion 


of carbon in the austenite, but the speed of disintegration of cementite at the phase boundary 


UNE ETUDE QUANTITATIVE DE LA FORMATION D’AUSTENITE ET DE LA DISSOLUTION 
DE CEMENTITE A DIVERSES TEMPERATURES D’AUSTENITISATION POUR UN ACIER A 
DE CARBONE 
La transformation d’un acier a 1.27 » carbone aprés chauffage rapide au-dessus du po 
étudiée quantitativement. L’acier utilisé a été recuit lentement, sa structure consistant en 
des grains arrondis de cémentite. Les mesures optiques quantitatives sur des échantillons 
été basées sur lanalyse linéaire. 
Les résultats expérimentaux montrent que les petits volumes d’austénite initiale 
certaine température d’austénitisation ont une faible teneur en carbone pres de la ligne 
la quantité d’austénite augmente avec le temps d/austénitisation, le contenu en 
également comme résultat de la dissolution de cémentite et lorsque la derniere trace d 
matrice austénitique a une teneur de 0,55—0,60°, de carbone 
Lorsque la formation d’austénite est terminée, une dissolution 
un état d’équilibre est atteint aprés un temps relativement long 
Une étude de l augmentation de la teneur en carbone dans | 


que le facteur déterminant (avec quelle rapidité la dissolution dé 


vitesse de diffusion du carbone dans | austénite mais bien la vit 
la ligne de transformation. 


EINE QUANTITATIVE UNTERSUCHUNG UBER DIE BILDUNG VON AUSTENIT UND DII 
AUFLOSUNG VON ZEMENTIT BEI VERSCHIEDENEN AUSTENITISIERUNGSTEMPERA 
TUREN AN EINEM 1,27% IGEN KOHLENSTOFF-STAHL 


Der Verlauf der Umwandlung eines 1,27°, igen Kohlenstoff 
Temperaturen oberhalb A,; wurde quantitative untersucht. Der 
d.h. seine Struktur bestand aus Ferrit mit kugeligen Zementit-K6 

Die quantitativen mikroskopischen Messungen wurden an g 

Die experimentellen Ergebnisse zeigen, dass die bei einer best 
zuerst gebildeten kleinen Austenitbereiche einen niedrigen Kohlenst 
Bei der Austenitisierungstemperatur steigt dann—gleichlaufend 
Austenits—dessen Kohlenstoffgehalt infolge der Aufl6sung von 
Augenblick, in dem der letzte Ferritrest verschwindet, 
Temperaturen einen Kohlenstoffgehalt von 0,55 bis 0,60‘ 

Nach Abschluss der Austenitbildung findet ein langsames Aufl6sen von Zement 
relativ langer Zeit wird ein Gleichgewichtszustand erreicht 

Eine Untersuchung iiber die Zunahme des Kohlenstoffgehalts im Austenit 
zeigt, dass die massgebende Grdésse dafiir, wie schnell die Auflésung des Zem 
Diffusionsgeschwindigkeit des Kohlenstoffs im Austenit ist, sondern die Ges 
der Zementit an der Phasengrenze auflést. 
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STALLURGICA, 


INTRODUCTION 
[The method of lineal analysis has been introduced 
» metallographical measurements by Cohen and 
co-workers for the study of the martensite trans- 
formation,” ?) and has proved to be an accurate 
ind relatively rapid method for quantitative micro- 
scopical investigations. The method has later been 
further developed by the author. The improvement 
consists mainly of a device for speed regulation, 


which has considerably increased the speed and 
usefulness of the method.’ 


Any 


austenite formation from ferrite-cementite aggregates 


comprehensive quantitative studies of 


made. The investigations 
Mehl™ in 1943 


indeed quantitative, but were entirely devoted to 


has not previously been 


published by Roberts and were 


a study of the austenite formation, disregarding the 


influence of the carbides on the amount of matrix 


and on the composition of the austenite. The method 
used for quantitative determination of austenite 
content was counting of squares on a microphotograph. 


The 


steels with carbon contents from 0.51 to 


steels investigated were technical carbon 


1.35°, and 
with lamellar pearlite as main component in the 
structure. 

Roberts and Mehl demonstrated the great influence 
of initial structure on the speed of formation of 
austenite. Thus, for the same steel, a finer pearlite 
gives a more rapid transformation than a coarser one. 
The same effect had previously been established by 
Pomp and Wijkander.‘® 
that, by 
the 


Hultgren , and also by 


Several investigators have observed 


ferrite-carbide aggregate above A 


the 


heating a 
occurs 


the 


transformation of matrix to austenite 


while the dissolution of carbides in 


rapidly, 
austenite proceeds with great sluggishness. Even by 
1929, Hultgren’ showed that concentration gradients 
austenite a certain time after a 


remained in the 


carbide particle had been dissolved. By the austeni- 
tizing of lamellar pearlite this phenomenon can often 
according 


be observed after etching (“‘pearlite ghosts,”’ 


to Bayertz'”). Roberts and Mehl are of the opinion 
that this phenomenon depends on the remaining 
carbon concentration gradients. 
TEST MATERIAL 

Cold-rolled strip steel 0.10 mm (0.004 in.) thick 
with the following analysis was used for examination 
Cr 
0.19 


% Si 


at 0.20 0.36 0.03 


The material was annealed. The microstructure is 


shown in Fig. 1. 


The amount of cementite has been determined 


1956 


Fic. 1. Microstructure of test material at 1300 x magnifi- 


cation. Electrolytically etched in a 10% CrO, solution in water. 


to 18.4% 
of the 


The number of carbide particles 


on an area microsection of lO u LO uw is 
average 16.6. 
The cementite has been isolated electrolytically in a 
» HCl-solution in water and has been analyzed 
with the following result: 
Mn 
1.24 


follow ing 


Cr 


6.67 O.SO 


This the analysis 
of the ferritic matrix: 
O.15 


approximate 


gives 


0.05 0.05 low. 

X-ray examination of the isolated carbide has 
shown it to be pure cementite with no trace of other 
carbides. 

EXPERIMENTAL 
(a) Heat Treatment 
Specimens in the size 10 


2 0.1 mm were cut 


irom the above test material. One of the short sides of 
each specimen was welded to a 0.5-mm steel wire. 

The austenitizing temperature was attained in a 
salt bath 


5min. The specimen was quickly immersed 


neutral when the austenitizing time was 
below 
in the bath and the time was measured by means 
of an electric chronometer connected in a series with 
the bath and the specimen, After a predetermined 
time in the salt bath, the specimen was very quickly 
quenched in 25°C brine. 

A tube furnace with purified argon was used for 
heating times between 5 and 30 min. The time was 
then determined 


When the 


specimens were melted into evacuated quartz tubes 


ordinary stop-watch. 


the 


with an 


heating times exceeded 30 min. 


in order to avoid decarburization. The tubes were 


broken immediately quenching took place. 
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(b) Hardness Testing 


The specimens thus heat-treated were mounted 


into an iron fixture. Cross-sections were prepared. 

The hardness was measured by means of a Bergs- 
man’s microhardness tester’) with 200-g load, and 
the impressions were very carefully made in the 


center of the cross-section. 


(c) Microscopical Investigations 


to have the martensite areas, 


after quenching (previously austenite), to appear in 


In order present 
contrast to the rest of the matrix, all specimens 
were heated to 300°C for 5 min after hardness-testing. 
By etching in 1°, nital, the martensite areas were 


darkly colored and a quantitative determination 


and 9). 


the 


could be made (see Figs. 7. 8. 
to 


the specimens were repolished and etched electroly- 


In order determine amount of carbide. 


tically in a 10°, solution of chromic acid in water. 


It was found that an etching in 1°, 


reliable values of the carbide content, partly because 


of the carbide boundaries not being clear enough, 


and partly because of some carbide grains becoming 
visually too large. 
figures were obtained than by etching in _ nital. 

Measurements were made for each specimen by 
lineal analysis with five traverses of 1mm each 
(d) X-ray Investigation 


As a check on the carbon content in the matrix 
obtained by means of lineal analysis measurements, 
X-ray determination was made of the c/a ratio of 
For this 


material. 


the martensite after quenching. 
the test 


evacuated 


purpose, 
These 


tubes 


filings were taken from 


filings were melted into quartz 


which were heat-treated in the same way as were 
the micro specimens. 
The filings were then used for lattice determination 


in a 57.5-mm Debye camera. 


RESULTS 

Fig. 2 shows the variation of the hardness with 
austenitizing time. 

Fig. 3 shows the decrease of the amount of ferrite 
and the increase of the amount of austenite with time 
different 


austenitizing used 


850°, and 900°). 


at the temperatures 


(750°, 775°, The percentages 
of ferrite or austenite do not reach 100°,, as cementite 
is present in all specimens. 

Fig. 4 shows the decrease of the amount of cementite 
with For all 


except 900° the moment is indicated when all ferrite 


the austenitizing time. temperatures 


has transformed. 


DY 


nital did not give 


By electrolytical etching, lower 


OF THE FORMATION OF AUSTENITE 


variation of the carbon 


content of 


finally shows the 


the austenite with austenitizing time 


These points and curves have heen calculated trom 
and 4. 


Figs. 3 assuming a carbon content of the 


ferrite of and of the cementite of 6.67 


In the same figure the results of X-ray determination 
of th 
been plotted 

When 


times, it 


content of the martensite have 


carbon 


evaluating the results 


must be borne in mind 


austenitizing temperature is calculate 


moment the specimen is immersed in thi 


and connection of the circuit through the ec} 
is made until the moment the specimen le 
and the circuit is cut. The time of heating the spe: 
to the austenitizing temperature is therefor 

in the time of contact, but the time taken in ren 
it from the salt bath to the quen hing bath is ex¢ 
the 


The heating time and time taken for remoy 


do 


time 1s 


the 


than a 


are very short and not aftect results unl 


the austenitizing shorte1 hout 


It is very difficult to determine accurately these 


but there are good re 


of the 


short time-intervals, son 


believe that both are magnitude of 0.1 


DISCUSSION 


Transfor mation 


of transformation from th 


The 


cementite 


course 

aggregate to Lustenite-cementite 

schematically be divided into three periods 
Period | The 


formed. During 


initial structure remains 


this period embryo fo iste 
nuclei are formed 


Period 2: The 


simultaneous 


ferrite transforms t 


with rapid dissolution of 


The speed at which the carbides are dissol 
high that the carbon content of the austenit 


amount of austenite rapid 


although the 


During this period the hardness increas 
Vickers TO about R50) \ ickers 
Period 3: The 


until 


cementite dissolves furt 


the 


carbon 


tustenite equilibrium 


the austenitizing temperature is attained 


(b) Period | 


Any fully developed peri 


only fol the austenizing temper: 


this period a nucleation of austenite 


started. It is highly probable that the ca 


of the contact with grains 


ferrite in 


increases during this period and 


equilibrium content, according 
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two 

4 
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1SECOND IMINUTE 1THOUR Fic. 5. Carbon content of austenite vs. logarithm of time at 


Fic. 4. Amount of cementite in volume per cent vs. austenitizing temperature. 


logarithm of time at different austenitizing temperatures. 750°C 850°C 
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SO0~( —indicates the time when the final residue of ferrite is dissolved. 
—indicates the time when the final residue of ferrite isdissolved. X-ray determinations of carbon content. 
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.01 


03 
%C 
Lines drawn 


and 


Fe-C diagram. 
Stanley, 


Fic. 6. Part of the 
according to Dijkstra, 
For the 
900°C, 


austenitizing S00", 850°, 


the 


temperatures 


and transformation to austenite has 


already begun or is even completed at the shortest 
measurable austenitizing times. 


Pe riod 


Period 2 is 


(c) 
its full 
75° and almost completely at 800°. At 
the 


observed to extent at 750 


and 7 850° a 
is observed at shortest 
At 900°, 
completed in a time shorter than 0.1 see. 
The starts at 


austenitizing 750 


small balance of ferrite 


austenitizing time tested. period 2 is already 


formation of austenite least for the 


775 from 
The 


relatively 


temperatures and 


cementite particles (see Figs. 7, 8, and 9). small 


volumes of austenite first formed have a 


iw 


o 


2.0 


1.9 see ¢ 


5 min at 


Pio. 7. Austenite 
Specimen reheated 
Etched in 1%, nital. 


after 
after quenching 


formation 


STUDY 


OF THE FORMATION OF AUSTENITE 


r see at 


. 8. Austenite formation afte 


Specimen reheated and etched, as in Fig 


low-carbon content, but the carbon content increases 


the disappeat 


remaining parts of ferrite 


ot 


and when 
the 
at all 
possibly 900°). 

The 
formed 
Fe-C diagram (Fig. 10). 
for 


lowest 


austenite has a carbon content 55—-0.60 


austenitizing temperatures tested (except 


of the au volumes first 


not be 


carbon content stenite 


can naturally lower than A. in the 


least 
The 


carbon 


It is probable that. at 


750. 775, and 800°C, it is very close to - 


reasonably accurate figures of the 


content of the austenite which can be calculated 


from the experimental results ar 
about 0.55° 
about 0.40 


at SOO about 0.35 


69 
/ | ve OF of 
| 96°. Ox O 2. 
CY > > 


ITALLURGICA, 


“450 


‘ according to Mehl 


Gurry''8 


C diagram. A 
Darken 


Fic. 10. Part of the Fe 
and Wells"??. Acm: 


% region, according to Stanley 


according to and 


1¢ 


Carbon content of austenite volumes first formed. 


Ditto at equilibrium. 

These figures have been plotted in Fig. 10. It is 
easily understood that the calculation of the carbon 
content becomes very inaccurate when small amounts 
f austenite have formed. 

The question of whether the austenite first formed 
even at higher austeni- 
the 


has a carbon content near - 


tizing temperatures, cannot be answered with 


experimental technique used. 
(d) Pe riod 3. 


Period 3 starts when the remainder of ferrite 


disappears. The carbon content of the austenite is 


then 0.55—-0.60° At increasing time at the austeni- 


tizing temperature gradual dissolution of carbide in 


the austenite takes place and the carbon content of 


the austenite approaches the equilibrium value. 
The 
slower than during period 2. 
Table | the 
at different austenitizing 


to Fig. 4, can be considered to correspond to equili- 


rate of carbide solution is now very much 


shows amounts of cementite which 


temperatures, according 
brium. The corresponding carbon contents (Fig. 5) 


are also given in the table. 


Equilibrium figures of amount of cementite and 


different 


TABLE l. 


content in the austenite of temperatures 


carbon 


Amount of Carbon content of 


Temperature 
‘ cementite (volume 


C) 


austenite (weight 


per cent) per cent) 


0.67 
0.93 
1.07 


750 
SOU 
850 


VOL. 4, 1956 
The figures from Table 1 are plotted in the Fe-C 
10). Depending on the amounts of 
manganese chromium in the test 
the A,,, line evidently has been displaced to lower 
carbon contents than for pure Fe-C alloys. 


diagram (Fig. 


and material, 


(e) Some Thermodynamical Calculations 
Fig. 5, showing the variation of austenite-carbon 


content as a function of the logarithm of time, makes 


it possible to investigate whether the speed of dis- 


solution of cementite during period 3 is determined 
by the rate of carbon diffusion or by any other factor. 
In order to investigate this question, a very approxi- 
mate calculation has been made, assuming that the 
rate of carbon diffusion is the governing factor. Fig. 11 
shows the carbon distribution in the austenite between 
two carbides under that assumption. The distribution 
curves have been drawn for two different austenitizing 
temperatures 7, and 7’, (7, T’,), but the same 
average carbon content ¢., in the austenite. 

It is assumed that the amount of carbon passing 
dm/dt 


A around a spherical carbide grain (i.e. a 


per unit-time through a certain spherical 


surface 
surface just inside the phase boundary) is proportional 
to the increase in average carbon content of the 
austenite dc/dt. 


the 


It is further assumed that at least 


near phase boundary de/dx is proportional 


to A. 
Fick’s first law 
dm 
dt 
can then be written 
dc 
dt 


Fic. 11. Carbon distribution between two cementite grains 
during period 3 at two different austenitizing temperatures, 
T, and T, (T, T,), under the assumption that the rate of 


carbon diffusion determines the rate of cementite dissolution. 
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TRANSFORMATION KINETICS DURING CONTINUOUS COOLING: 
JOHN W. CAHN? 


It is shown that transformations which nucleate heterogeneously) 
additivity and transform nonisothermally according to simple rate laws w] 


isothermal transformation data. 


CINETIQUE DE LA TRANSFORMATION PAR REFROIDISSEMENT CONTINI 


L’auteur montre que des transformations a germination hétérogéne obéiraient 
d’additivité et se transformeraient anisothermiquement suivant des lois simples di 


calculer a partir des données de la transformation isotherme. 


UMWANDLUNGSKINETIK BEI KONTINUIERLICHEM ABKUHLEN 


Es wird gezeigt, dass Umwandlungen mit heterogener Keimbildung hiéufig einer Additivitats-Reg« 


gehorchen und die nichtisotherme Umwandlung nach einfachen Geschwindigkeitsgesetzen abliuft, di 


man aus Daten der isothermen Umwandlung berechnen kann 


INTRODUCTION Many reactions where the nucleation is apparently) 

The problem of transformation kinetics under homogeneous also are describable by the assumption 
nonisothermal conditions is of tremendous practical that all nucleation occurred earlv in the reaction.(® 
importance. It has not been extensively studied, [f the number of nuclei formed is also independent of 
using fundamental kinetic quantities. Part of the temperature, what follows will hold equally well for 
difficulty is that both the nucleation rate and growth — these systems. 
rate of the transformation product are time-dependent If all nucleation does occur 
if the temperature is time-dependent. However, it has — yeaction. it will be shown that under certail 
been found that some transformations obey an the reaction is isokinetic in the sense of Avrami. and 
additivity rule”) Avrami') has shown that for the that such a reaction would be additive. We then have 
case where the nucleation rate is proportional to the here a condition which leads to the rule of additivity 


te find it | 
| Ca 


growth rate over a range of temperatures, the reaction and which one could often expect 
is additive. This is a very special condition, and one’ systems. It also becomes possible to estimate the 


would not expect to encounter such a system. deviations from additivity 


Especially, for the case of the pearlite reaction, where, 


THE RULE OF ADDITIVITY 


even isothermally, the nucleation rate is a function Ba 
of time, this condition would not hold. Yet, The rule additivity 
additivity has been demonstrated for this system.) isothermal T'7'T curve 
Many systems in which nucleation is heterogeneous function of temperature, at which tl 
exhibit the property that all nucleation occurs early reached sianderieaeemaie a sae 
in the reaction.©: This may be due to the fact that 
only a limited number of sites for nucleation exist, when the integral 


such as impurity particles or grain corners, or in case of 
grain surface or edge nucleation, that these sites can 
be consumed very early in the reaction. This is a 


general property of heterogeneous nucleation, and will 
be called site saturation. It has been shown for the quals unity, the fraction completed will 
case of grain-boundary surface, edge and corner rule has often been stated for the initi 
nucleation, that the expected interval in under- eaction. This is a quantity difficult to def 
cooling from the initiation of nucleation to site depends on the method of observation. It 
saturation is small.'?) This is due to the large tempera- define the time for the initiation as the tin 
ture coefficient of nucleation. 1°,, reaction. A sufficient condition of add 
been described by Avrami He found 


+} 


* Rece arv 25 O56 =" 
* Received January 25, 1956. isokinetic’ range, i.e. when the nucleat 
+ General Electric Research Laboratory Schenectady) 


York. 
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where A is a constant and D is the diffusion co- 
efficient. 

In order to be able to use the experimental results 
from Fig. 5, 


delid log 


dc/dt has to be transformed in terms of 
log ¢ 


This gives 
de 
log 
d log t 


K, is a constant. 
Using the curves in Fig. 5 over the variation of 
log t, log D 
the different austenitizing temperatures and is plotted 
as a function of 1000/7’ in Fig. 12. 
The slope of the lines in Fig. indicates 
the of 200,000 


This figure is substantially higher than 


c.. with K, has been calculated for 


12 


magnitude 


an 
activation energy in 
cal/mole. 
the activation energy for carbon diffusion in austenite, 
which is of the magnitude of 35,000 cal/mole. It is, 
therefore. evident that a factor other than the rate of 
carbon diffusion is the governing factor for rate of 
dissolution. This factor is probably the rate of 
disintegration of the cementite. 

ot 


equilibrium is attained. the rate of disintegration 


A consequence this should be that, before 


of the cementite is not sufficient to keep the carbon 
of the 


at the equilibrium value. 


content austenite at the phase boundaries 


Fig. 13. which might be 


BS 30 95 
Cy=0,60 % 


£x=0.75 % 


vs. 1000/7. The slope of the 


190,000 ceal/mole. 
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Fic. 13. Carbon distribution between two cementite grains 
during period 3 at two different austenitizing temperatures, 
T, and T, (T-. T,), under the assumption that the rate of 
cementite dissolution is determined by (1) the rate of 
carbide disintegration (full line), (2) the rate of carbon diffusion 


(dotted curved line). 


Fig. 11, 


possible carbon distribution. 


compared with shows schematically the 
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Fic. 1. Pb-6.8° 


would be additive. Under these conditions. he showed 


that the reaction would take the same course, except 
for the time scale, regardless of the temperature path. 

It has been more generally assumed that a reaction 
is additive whenever the rate is a function only of the 
and the temperature 


amount of transformation 


dx 
3). 


“it Upon substitution into (1) and 


to 


Then + 


integrating one can see that (1) becomes 


identically unity, showing that equation (2) 


0° 
is a 


sufficient condition for additivity. 
The general isokinetic reaction will be defined as : 


reaction which can be written 
x = F( | dt) 


where /(7’) is a function of temperature only, such as 
growth rate, nucleation rate, or diffusion constant 
It will be convenient to consider x the independent 


variable, and write (3) as 
fh T’) dt H (x). 


(2x) 
dx 


l 
| h(T) 


dt 


which satisfies condition (2), and such a reaction will 


TRANSFORMATION 


Sn partially precipitated at 100°C, then que nehe 


KINETICS 


“l to room te 


be additive. It will be noted that a reaction involving 
two time-temperature parameters will in general not 


Nucleation 


general involve an integrated nucleation parameter as 


be additive and growth reactions j) 


well as an integrated growth parameter. However 
icTion nd 


te early ina re 


of the 


the nucleation sites satura 


the growth rate is a function Instantanec 


temperature only, the reaction will be i\dditive 


The questlol of to what extent growth rate 
function of thermal history can | 
examining micrographs of a 
temperature and permitted 
Fig. 1* is a micrograpl 
held at 
quenched to room tem pe rature 


The 


appears 


temperature 
pel cent Sn LOO-C tor artial 


further spacing 


temperature immediately 


t the 


orowth rate would likewise 


On the 


expect tha 


the new other nane 


Meh!” have published micrographs of sin 


temperature 


ments on peariute in which the spacing char 
This may be due to: 


If it is the ] 


finite distance 


may be a real effect 


from additivity could he expected to 


nonisothermal conditions 


Go é 
dt 


isothermal conditions and e is 


leads 


crowth rate G 


described by G where G, 


rate unde! 
then for a constant cooling rate | 


73 
SONS 
“to dx 
| 
J0 Fla 
Then 
| { 
| iebted t H. N | tis 


when the nonisothermal reaction has 


reached Xo completion. 
The deviation from the assumption of instantaneous 
We shall confine 


The same arguments with 


site saturation can be estimated. 
ourselves to point sites. 
slight modification will apply to other types of sites. 
The number of sites per unit volume nucleating at 
time between ¢ and ¢ dt is 


IN exp I dt\ di 


where / is the fraction of the untransformed sites 


nucleating per unit time, and .V is the number of sites 
per unit volume. The extended volume: ” of these 
sites at time ¢ is 


| 
IN exp|—]| J dt|[R(t) 


R(t)}? dt 


where 
R(t) G dt. 


Then 


dt 


In (1 | R(t) Rit)? dt . 


Integrating by parts results in 


In (1 R(t)? exp dt 


» 


R(t) dt (6) 


The first term is the only term that remains for 
The the 


If saturation occurs relatively early 


instantaneous saturation. second term is 


correction term 


in the reaction. 


R(#)) 
I dt\d 
Jo | 


exp 

The correction factor is of the order of the ratio of 
R at R(t), the 
reaction proceeds. This is 
deviations from instantaneous saturation, and applies 


and becomes less as 


the 


saturation to 


correction term for 


to isothermal as well as nonisothermal reactions. 


When substituted into (1), 
enter both into 7 and dzx/dt. 


the correction term will 
If J is proportional to G, 


the correction term will vanish, as Avrami has shown, 
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because there will only be a single time-temperature 
parameter. However, if / is sufficiently large, the 
correction terms will be small regardless of whether J 
is proportional to G. For the pearlite reaction in 
high carbon steels, the correction term will be small. 
For medium-carbon steels, if the bulk of the reaction 
occurs in the vicinity of the nose of the 7'7'7' curve, it 
will also be small, and will increase with decreasing 
cooling rate.‘® The method of Grange and Kiefer,“° 
“dt 
which requires neglecting part of is a correction 
has the correct sign, since the ratio of the 


the 


which 


nucleation rate to crowth rate increases with 


increasing undercooling. Its quantitative success is 
probably fortuitous. 

Zener" has given a solution for growth of diffusion- 
controlled precipitations. In this case it is possible to 
show that the radius of a particle is proportional to 


bd ] 


Ddt|} and that his solution is a solution for a 
J0 

time-dependent diffusion coefficient D if Dt is replaced 
by the | D dt, provided that the equilibrium concen- 
trations are independent of temperature. This is a 
condition that is fairly often approached at large 
undercoolings, and if all nucleation occurs early in 
will also be additive. 


the reaction. such a reaction 


A change in the equilibrium compositions with 


temperature will produce deviations, not only 
because the same volume of precipitate may not 
correspond to the same fraction of completion, but 
also because a sudden change in the equilibrium 
make the material close to the 


concentrations will 


new which been close to 


phase, previously had 
equilibrium, suddenly undersaturated or supersatur- 
ated. Therefore, the additional restriction must be 
applied that the bulk of the reaction occur at tempera- 
tures where the composition of the equilibrium phases 
are relatively constant, in order that the rule for 
additivity hold. 
THE EFFECT OF GRAIN SIZE 

It must be noted that the proof, that equation (2) is 
sufficient for additivity, requires that the function F 
be the same function for the nonisothermal specimen 
and the isothermal specimen. For reactions where the 
nucleation sites saturate, this means that the quantity 
of nucleation sites must be the same for both specimens. 
For example, for grain-boundary nucleated reactions 
both specimens must the 
If isothermal data are available for a specimen which 
has a grain different 
specimen, one has to modify the rule of additivity to 


have same grain size. 


size from ‘a nonisothermal 
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dT 
dt 
(9) 
In (1 R a 
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take differences in quantity of nucleation sites into 
account. 
For discontinuous ' cellular reactions which 


saturate!” 


for transformations which nucleate on surfaces, edges, 
or points respectively. S is the area of nucleating sites 
per unit volume, L is the length of nucleating sites per 
unit volume, and N is the number of point sites pet 
unit volume, and R is defined in equation (5). Differ- 
entiating with respect to time, one obtains upon 


substitution into (1) that when 


the amount of transformation is x). The subscript 7 
refers to the isothermal specimen from which 7 was 
obtained and the subscript » to the nonisothermal 
specimen. If these are grain-boundary nucleated 


reactions, the equations (9) all reduce to 


‘dt D. 
dD, 


(10) 
where D, and D, are the respective grain diameters 


THE NONISOTHERMAL RATE LAWS FOR 
ISOKINETIC REACTIONS 

The amount of transformation expected from an 
isokinetic reaction for any temperature path can be 
calculated if A(7’) and the function F are known. 
This, however, is not always known. What is known 
often is 7, and one usually has some clues of the 
function F. From (4) we can write an expression for 


h(7’) in terms of 


h(T) H (29) 


When this is substituted into (4), it gives an « xpression 


for H(x) for nonisothermal reactions 
H(a 12) 


For discontinuous or cellular transformations which 


saturate, where His R » obtains from (8 


respectively for the three types of nucleatior 


The amount of transformation can then be 


lated from 


For grain-boundary nucleated reactions the quantities 
S/S.. and N./N. are easily expressible in 


terms of the grain size 
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A THEORY OF SURFACE TENSION OF SOLIDS—I* 
APPLICATION TO METALS 
ADAM S. SKAPSKI* 


A theory is dey eloped which allows one to calculate the surface tension of nonionic solids (metals and 
nonmetals) from the arrangement of their next neighbors, from the heat of fusion, and from the surface 
tension of the liquid at the melting-point. 

Theoretically-calculated interface tension values of solid metals with their own liquids are compared 
with the interface tensions determined by D. Turnbull from undercooling of metal droplets. The agree- 
ment 18 satistactory. 

The temperature coefficient of the surface tension of solid metals is calculated from the theory; it 1s 
compared with that obtained from Strattons’ electron theory in two cases in which Stratton’s theoretical 
solid-surface tension values come closest to reality. The agreement*is good. 

Maximal and minimal surface tensions for solid gold, silver, and copper are calculated from the theory 
and compared with these obtained from the thin-foil and or wire-stretching method. The experimental 
figures, if their uncertainties are taken into consideration fall within the theoretically-predicted limits. 


The tacit assumptions of the theory are critically discussed. 


UNE THEORIE DE LA TENSION SUPERFICIELLE DES SOLIDES 
APPLICATION AUX METAUX 

L’auteur développe une théorie qui permet de calculer la tension superficielle des solides non-ioniques 
métaux ou non) a partir de l’arrangement de leurs plus proches voisins, de la chaleur de fusion et de la 
tension superficielle du liquide au point de fusion. 

Les valeurs théoriques de la tension interfaciale des phases solide et liquide d’°un méme métal sont 
comparées a celles déterminées par D. Turnbull a partir du refroidissement de gouttelettes métalliques. 
Une bonne concordance est observée. 

Le coefficient de température de la tension superficielle des métaux solides est calculé par cette 
théorie et comparé a celui obtenu par la théorie électronique de Stratton dans les deux cas oti cette 
derniére permet d’obtenir des valeurs de la tension superficielle des solides correspondant a la réalité et a 
nouveau, l'accord est satisfaisant. 

Les tensions superficielles maximum et minimum, pour Vor, l’argent et le cuivre a l'état solide, sont 
déduites de la théorie et comparées a celles obtenues, par la méthode d’étirage d'une feuille mince et/ou 
d'un fil. Si lon tient compte de leur imprécision, les figures expérimentales sont comprises entre les 
limites prévues théoriquement. 


Enfin, les hypothéses tacites exigées par le théorie sont discutées d’un point de vue critique. 


EINE THEORIE DER OBERFLACHENSPANNUNG VON FESTKORPERN 
ANWENDUNG AUF METALLE 
Es wird eine Theorie entwickelt, die erlaubt, die Oberflachenspannung von Nichtionen-Festkérpern 
Metalle und Nichtmetalle) aus der Anordnung der nachsten Nachbarn, der Schmelzwarme und det 
Oberflachenspannung der Schmelze am Schmelzpunkt, zu berechnen. 


Cheoretisch berechnete Werte der Grenzflachenspannung zwischen festen Metallen und ihren Schmelzen 


it den von D. Turnbull beim Unterkiihlen von Metalltrépfchen bestimmten Grenzflachen- 


en verglichen. Die Ubereinstimmung ist zufriedenstellend. 


emperaturkoeffizient der Oberflachenspannung von festen Metallen wird aus der Theorie 

r wird dann mit den Ergebnissen der Elektronentheorie von Stratton verglichen und zwal 

in zwei Fallen, in denen die Strattonschen theoretischen Werte fiir die Oberflachenspannung det 
Wirklichkeit am besten gerecht werden. Die Ubereinstimmung ist gut. 

Ferner werden mit der Theorie obere und untere Grenzwerte der Oberflachenspannung von festem 
Gold, Silber und Kupfer berechnet und diese mit experimentellen Werten verglichen. Letztere liegen, 
beriicksichtigt man ihre Unsicherheit, innerhalb der theoretisch berechneten Grenzen. 

Die stillschweigenden Annahmen, die die Theorie enthalt, werden kritisch diskutiert. 


Growing interest in grain boundaries focuses our leads to a better understanding of the interphase 
attention on the numerical values of the surface boundary phenomena. Unfortunately, the experi- 


tension of solids. since the knowledge of the Jatter mental data on the surface tension of solids are few 


- and incomplete. On the other hand, we do not have 

Part of ¢ aren? ject supported by a National Science 

Foundation grant. ceived June 2, 1955; revised version 

January 9. 1956. and the best of the existing electron theories of 
Physics Department, University of Vermont 

* Except for inert-gas crystals: R. SHurTTLEWworTH Proc. 

Phys. Soc. 62A, 167 (1949). R. Stratton,” gives numerical values which are 


ACTA METALLURGICA, VOL. 4 NOVEMBER 1956 576 


any good theory of surface tension of nonionic solids;* 


surface tension of solid metals, that developed by 


4 
Spann 
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obviously quantitatively incorrect, since they are While Z, is always the same for the liquid and for 
consistently (and in most cases considerably) lower the solid, as is well known from X-ray investigations 
than the experimentally rather well-known surface in the neighborhood of the melting-point, the prime 
tensions of liquid metals. In such a situation there on Z’, reminds us that the number of 

is a need for a theory, preferably simple, which neighbors surrounding (on the sides and from 

would be capable of at least approximative pre- the molecule situated in the surface depends 
dictions of the numerical values of the surface tension solid, on the crystal plane, and maj 

of solids. from Z, in the liquid state. The latte: 

This paper presents a theory, based on the always minimize their surface, corresponds t 
elementary next-neighbors approach, which has been populated plane through the solid. If we choos 
designed to cover the nonionic solids, both metals crystal plane for the solid, we can, becauss 
and nonmetals. In the first part the general theory obtain by subtraction of (3b) from 
has been outlined and its predictions confronted with . 
the existing experimental data for metals, including OMS ~ OML - 
the solid/liquid interface tension. Nonmetallic solids 


will be dealt with in the second part. 
But since uy) 18 the change of interac 


NEXT-NEIGHBORS THEORY OF SURFACE energy (per mole) between the chosen molecu 
TENSION OF SOLIDS one of its neighbors due to the melting 

If we enlarge the surface of a condensed (solid or We ¢an obviously write 

liquid) phase by A—which is the area occupied by 

N-Avogadro molecules (atoms) in one layer—the 


following thermodynamic relation holds: and thus obtain 


AF = oy, = AU — TAS (1) 


Here oy oA is the molar surface tension, 
i.e. the product of the specific surface tension (erg/em?) in which the molar surface tensions have been replaced 
and the molar area, AU is the change of internal by the respective products of specific surface tensions 
energy, and AS (do ,,/dT) the change of entropy and molar areas 
(per mole) connected with the transfer of one molecule Equation (5) can be brought into a more convenient 
from the inside of the condensed phase to its surface. form. Let us first note that the molar areas can | 
In equilibrium, the kinetic energy of a molecule is calculated from the formula 
the same in the bulk and in the surface. Thus, PVU3( W/o)? 
the term Al’ can be interpreted as the difference of 


the potential energy of the molecule in the bulk and where f is the population density factor 


in the surface. This difference can be expressed as a cry stal plane. Since f is the same in the 
function of the heat of fusion in the following way densest population of the crystal ane 
If w is the energy (per mole) of interaction between of its liquid, it follows that 
the chosen molecule and its next neighbors—i.e. the 
work necessary to separate them to infinite distance , 
the difference in potential energy connected with and consequentl) 
bringing up one molecule from the bulk (where it is 
surrounded by Z, next-neighbors) to the surface 
(where it is surrounded by Z, next-neighbors) can 
be written as: where Z, = Z Z 
AU Zu Zu (2) The second term on the right side of 
accounts for the fact that the molar area 


From (1) and (2) we shall have, at melting. é i, 
. is different from that of the solid Phe 


»mperature, for the solid: 
I accounts fol entropy changes 


= (Z, T (3a) In the first approximation, the third ter 


safely neglected as small in con pariso 


OML (Z, Z 4)Ur TAS estimate its numerical value 


A 
4 
T 1) 


ACTA 


The limits of AS, have been calculated by this 


paper 


The comparison of 
| 


author’) in a dealing with liquid metals. 


these limits with experiment 


showed that 
Z, 
SR In 


“A 


AS, 


Ly 


gives good agreement between theory and experiment. 
The evaluation of AN. 


given below. 


follows the line of reasoning 


The first term of equation (7) ean be accepted for 
modification: 
the 
frequency in the surface, and depends only on Z 


solids without any it represents the 


entropy change due to changed oscillation 
and Z,, which are the same in the liquid and in the 
solid. 

The 
the 


virtual 


disorder in 
the 
sites altogether). It 


second term accounts for the 


‘interphase region” which include 
upper Z, sites (Z l 
has been calculated on the assumption of equivalence 


of all 


completely 


groups 


Since these sites cannot actually be 
that 


sites. 


equivalent, it was anticipated 


the calculated configurational entropy AS, ,.,~¢ must 
be too great and represents the upper theoretical 
limit. By comparison with experimental data, it was 
found that the actual configurational disorder amounts 
to one-half of the calculated one. 

If the solid surface were absolutely static, we 
But 


the surface of a solid at its melting-point is not 
‘dead’”’: it 


should have no configurational entropy term. 
is very much alive with thermal motion, 
as is evident from the self-diffusion in the surface. 
In our attempt to evaluate the entropy of this live 
surface, we shall assume that the layer of empty 
virtual sites forming an extension of the crystal 
lattice can be, through thermal motion, partly filled 
by the atoms of the first layer, with corresponding 
“surface holes” appearing in the first layer—and only 
in the first layer, in distinction from a liquid surface 

until a statistical equilibrium has been reached. 
Such a live solid surface has the same total number of 
Z, neighbors, and thus the AU term in our equation 
1) remains unaffected. But it has an entropy greater 
than that of a “dead” This 


entropy can be expressed by a configurational term 


surface. increase in 


as follows. 

Translating the above reasoning into the language 
of our “interphase region” have an 
exchange of atoms between the Z, sites (the virtual 


the (Z, Z 1) (the 


0 


groups, we 


“upper” sites) and sites 
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“side” sites plus the site of the chosen atom), while 
the lower Z This 
exchange contributes to the entropy increase a term 


9 Sites remain permanently filled. 


equal to: 


AS 


1) In (7a) 
shall 
assume that the lack of equivalence of the Z, and the 
(Z,—Z 


by the factor $ with the configurational entropy term. 


Taught by our experience with liquids, we 


. 1) sites is, in solids, also represented 
We shall thus have, for the temperature coefficient 


of the solid surface tension 


do. AS. AS... 


dT A, 
It is interesting to compare the figures obtained 


(7b) Stratton’s 


theory for sodium and potassium for which Stratton’s 


from with those calculated from 


theoretical surface tension values come close to reality, 
although remaining somewhat too low. With Z, S. 
Z, 6, Z, = 2, and A, 1.12N1/3(M/p,)?3, we get, 
for the 110-face (that of densest population in the 
from equation (7b), for sodium 


c.b.c. system) 


do. 
dT 


AS./A. (5.50/7.90) 


0.070 erg/cm?/degree 
while Stratton’s theory gives —0.06 erg/cm?/degree,* 


and, from equation (7b), for potassium 
do. 


AS, |. 
dT 


(5:50/12-00) 10-1 


0.046 erg/cm?/degree, 

while Stratton’s theory gives —0.04 erg/cm?/degree.* 
The agreement is satisfactory. 

The complete equation for the calculation of the 

surface tension of a solid in its most densely populated 


planes (Z’,, Z,) is thus 


3 
conf} 


Pp, 
ZA Fe, 


(6a) 


To obtain the surface tension of the solid in any 


other plane in which Z’, = Z,, 


we have to proceed 
in the following way. 
the 


For nonmetallic liquids a relation between 


Maq. 46, 875 


Quoted after J. W.Tavlor Phil. (1955). 
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: 
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surface tension and the heat of vaporization L hi 


been shown to exist‘) 


which has been deduced,® on the assumption that 
the number and configuration of next-neighbors in 
liquids is the same as it is in solids.* It is thus 
obvious that we can expect an analogous relation 

substituted for that 


We shall therefore 


with the heat of sublimation ZL. 
of evaporation—to hold for solids. 


have, for Z’ Z 


a 


A’, + TAS’, 


Dividing (Sb) by (Sa) and introducing Z’, 


Z’,, we obtain, at the melting-point 


which allows us to calculate the surface tension in 
any plane of the crystal from that in its most densely 
populated plane. 

For metals, equation (8) was shown not to hold.“ 
The main reason for that is, in this author’s opinion, the 
following. Equation (8) has been obtained by expres- 
the 


in terms of the heat of evaporation (sublimation), 


sing energy of interaction of next-neighbors 
the latter being assumed to measure the work neces- 
sary to separate the molecules (atoms) from each 
other to 


the heat of evaporation (sublimation) includes more 


infinite distance. In metals, however, 
than mere work of separating of atoms to infinite 
distance; it also includes the change of the status 
of their outermost electrons. In the condensed phase, 
the electrons are free, while in the vapor phase they are 
bound by the atoms. If we knew what fraction of 
the heat of sublimation is used for the separation 
of atoms while preserving the same status of thei 
might call such an ideal heat of subli- 
id the 


relation between the terms of the following equation 


AE., 


electrons—we 


mation L that is, if we knew numerical 


L,, = L, 


is the change of the energy of electrons 


where 


connected with the sublimation, we could calculate 


* A factor 1/2 was unnecessarily used with Z; and Z, in the 


quoted paper; this factor eliminated itself in the final result. 


SURFACE 


TENSION OF SOLIDS 


the surface tension of the solid metal from a formula 


identical with equation Sa or with equation Sh 


But We have already 


except for L ; In place ot L 


obtained a much more convenient equation (6a) 


in which any actual difference of the 


energy ol 
electrons is already included 
and which gives the surface 
in its most populated plane 

of the surface tension of thi 
with Z’ 


since it cancels out in the process of 


we do not need to kne 


Sb) by equation (8a), leading us again 


9). which is thus valid for both metalli 


metallic solids 

The present theory is based on the concept 
ideal crystal without any inner lattice disorder 
inner holes. But it can be shown by simple probabilit 


the 


l 


calculations that influence of holes—becaus« 

inner- and the surfacé 
Kor 
would change the Be Z.1 10 


Small amounts 


their distribution between the 


neighbors groups—cannot be serious instance 


a 10° hole disorde1 


in c.f.c. metals by onlv a few per cent 
of impurities in solid solution should also have rathet 
a marked 


An) Sas 


small effect. theore tically unless the \ have 


tendency to accumulate in the surface 


vapor, or liquid, which shows strong adsorption on 


the surface of the solid, thus creating 


foreign surface-neighbors is theoreti x pected 


to decrease the Al 


considerable lowering of the surface 


in Equation (1 This may caust 


Tension ot the 1d 


AND ITS 
OWN 


SURFACE TENSION OF A SOLID 
INTERFACE TENSION WITH ITS 
LIQUID AT MELTING-POINT 


A simple relation between the st 


solid and its interface tension with its 


at the melting-point) can be deduced 
other the following 


In J. H 


theory of the plate detachment method of 


Ways 
Thomso 


Poynting’s and J. J 


the surface tension of liquids 
required to detach a plate from the 


is given by 


where 


lower surtace of the 


a being the heig f the 


above the undisturbed level of the liquid 
the gravity acceleration 
Accordingly, the work per area required t 


the plate is, by integration and substitution o 


79 

Z 
8b) 
Z 
A’ 
adiditiona 
P/A = gp, X 
X? = 46,/9p, 10) 
W/A= | (P/A)dX = 2, 
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he only condition for obtaining equation (11) is jntroduce the volume change AV/V, at melting 

Poynting’s and Thomson’s assumption that the plate 
is completely wetted (contact angle zero) by the (1 — 2h 2 AV 
PI 


liquid. Therefore, equation (11) remains valid 
for a plate made of the solid phase of the measured ! 
liquid (at melting-point). In the latter case, the work The error caused by neglecting the higher powers of 
per area needed to detach the plate can be also expansion is small and certainly smaller than the 
uncertainties involved in the density data at melting- 


Ig +O, (lla) point. 
We accordingly obtain, after numerical substi- 


expressed by 


since soli i j rface is re ace bv > . 
ince the solid/liquid interface is replaced by the two 


new surfaces. From (11) and (lla) we get 


Os Osi (12) OSL 44°83 


From equation (12) and from equation (6a) we ang for the c.b.c. metals 


obtain 


Ost 0.5 107 


The last term in these equations contributes less than 


10°... The details of numerical calculations are given 


further in the text. 

which, for metals, gives the minimal interface tension, rable died the og,, calculated from the above 
since the most densely populated planes are, in equations for some metals, and the corresponding 
metals, those with minimal surface tension (l11l-face found Purnbull. 
In view of the sensitivity of our calculated values to 

It is natural to expect these minimal interface densities (AV/V,) and the experimental errors in the 
tensions to be primarily instrumental in controlling latter, the agreement can be considered as satisfactory. 
the srowth ot cry stals from the nuclei in their melt. COMPARISON OF THEORETICAL AND 
Now, interface tensions involved in nucleation have EXPERIMENTAL SURFACE TENSIONS 
been determined by D. Turnbull from a completely OF SOLID METALS 
different theoretical approach by measuring the The experimental figures for the surface tension of 
undercooling of metal droplets. If our next-neighbors solid metals can be obtained from two methods, 
theory is basically correct, Turnbull's interface which are briefly discussed below. 
tension values should thus be somewhat greater than. ; 
but rather close to. those calculated from equation (a) The Thin Foil and/or Wire Method 
13). Gold, silver, and copper have been investigated by 


For the purpose of numerical calculation, it is this method. There is, however, some confusion as to 


convenient to take advantage of an expansion and the proper way of arriving at the final numerical 
TABLE 1. 


9 
Surface tensions in erg/em- 


Calculated Turnbull 


.027 
O15 
.O34 
045 
052 
041 
0.069 


Quoted after J. W. Taylor Phil Mag. 46, 857 (1955) 


Calculated from Libman’s capillary constant 0.308 at m.p. with p, 


= 
0.3 
A, 
AJ 
Z, A Pr 
AS, — AS 
QO. (kJ 
per g-at 
0, 
Na 2.65 0.95 200 15 20* 
Li 3.9 0.53 400 27 
Pb 1.86 11.00 465 32 33 
\g 11.7 10.00 930 LO] 126 
Au 13.1] 18.46 1135 12] 132 
Cu 11.5 8.52 1240+ 128 177 
Pt 22.0 20.2 1820 236 240 
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values, and as to their 


no complete agreement 
interpretation. 

The overwhelming opinion, shared by this author, is 
that the main effect measured in this method is due 
to the free surface energy, and that the mechanical 
there is 


surface stress plays a minor role. Even so, 


neither direct experimental evidence nor general 
theoretical agreement as to the crystal faces whose 
surface tension is, or is most likely to be, responsible 
for the measured effects. 

In the 


calculate from the next-neighbors theory the minimal 


such a situation, best one can do is to 


and the maximal values of the solid surface tension 
(in the case of the three quoted metals that in the 
l1l-face and that 100-face) and 


them with the experimental data. The latter, again if 


in the to confront 
the theory is basically correct, should fall within the 
theoretically predicted limits, or—if the mechanical 
surface stress does play a minor role—might slightly 


but not considerably exceed the upper theoretical 


limit. 


(bh) The Unde rcooling Method 

Because of the simple relation given by equation 
(72), 
tension of the solid with its own liquid can be used for 
the of the tensi 


The undercooling method combined with the th 
1, 


any method which can measure the interface 


determination solid-surface 


of nucleation can therefore be considered as a 
mes 


like] 


mate method for the solid-surface tension 


The 


the minimal surface tensions of solids. 


ment. values obtained represent, most 

In Table 2 the experimental data based on the two 
quoted methods are compared with those calculated 
from our theory. A few remarks concerning numerical 
calculations are given below 


most SES. 


through 


Densities pg at melting-point were, in 
computed from room-temperature data 
cubical coefficients of thermal expansion taken from 
Mott and Jones Prope rties of Metals and Alloys 
Appendix II. The AV/V 
from International Critical Tables. 

For the e.b.e. Z 8, Z 
Z,|Z, 1/4. The surface-packing factor / 
The oscillation entropy term is AS... 

‘a/degree. The entropy) 
the solid surface is AS; oy 1.54 
and for the AS, cont 3.85 
erg/degree. With the factor 1/2 introduced with the 
AS.) 


the 


1936 


und Y, values were taken 


and 


metals, 6, hence 
3.08 


for 


107 erg degree. 


el configurational term 


solid surface 107 


configurational entropy terms, we have (AS, 


0.50 107 erg/degree. All figures are for 


110-plane. 


For the c.f.c. metals, Z, Z, and hence 
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1/4. 1.09 
The oscillation entropy term is identical with that 
the c.b.c. metals 


term for the liquid surface is AS, f 


The surtace-packing factor f 
fol The configurational entropy 
107 
fol 


10° ce 


1S 


] 
lal entropy 


erg/degree, and the configuratior tern 
the solid surface is AS 
With the factor ] ? introduced with the configuratio 
AS, AS 


figures re 


entropy terms we get 
All these 
100-pli ne ot the « 


Z 12 


sul face-par kin 


gree 

For the 
maximal surface tension 
Z’ |Z 1/3. The 
The total entropy 
7 


entropy change for the 


change 


Since thie 


solid 
the 


Q? 107 el rer 


numerical 


surtac 


term 


tension 


contribution of this t 
value the 
S erg 1 9 erg/en 

The 
the 


entropy terms ente! 


solid surface tension o 


figures 


included into the 


could 


equatl 
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cooling 
This is 


show in 


according to 


fer to the 111-plan 
metals (+ 
8, and he 
for the =! 
10’ erg/degree value of 
7 
AS \S O35 if) ( 
the maxin 
I opper erg 
A 
956 the mple Ot ( Tit 
Ory 
. in fact, for all practi purpos the ent 
( t} then 
le | # { 
12) tend to pl do t elative d ( 
\ 
1 >| 
Lithiu $27 13 
Lead 197 19 
G | LP 56 1?67 7( 
( 1368 1417 ( 
Plat 
* Quoted alte! ‘ 
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between the theoretical and the experimental Og 
figures. 

As for the data obtained from the thin-foil and/or 
gold fall 


The average d¢ of copper is 


wire-stretching method, silver and within 
the predicted limits. 
greater than the maximal theoretical value by less 
than 4°,. It is interesting to note that the Turnbull 
Og] value for copper is also greater than the theoretical 
Og, figure.* 

In general, it seems fair to say that the confronta- 
tion of the theory with experimental data for metals 
that, in its present 


encouraging, the more 


is very 
stage of development, the theory contains the 


following tacit approximations 

1) The interaction energy between the chosen atom 
and its Z 
that 
This may not be quite true, and the situation may be 


Ne ighbors is assumed to be the same as 


chosen atom and its Z. neighbors. 


between the 
somewhat different in liquids and in solids. 

(2) The difference between the concentration (and 
of free electrons in the bulk 
the 


hence the kinetic energy) 


surface is assumed to be same in 


and in the 


solid and in liquid metals. This, again, may not be 
quite true. 


interest to note. however. that 


1) and (2) 
in opposite directions. 
3) The 


introduces a 


It might ve of 
corrections due to would pre sumably work 
omission of farther-than-next neighbors 


error. A. D. 


recently succeeded in accounting for this omission in a 


system: tic Crowell™ has 


simple and general way. Crowell’s correction results 
our formulas Z } for Z 


This raises the Os. values for metals by 


in substituting in and 


Z l for Z 


atew per cent, : 


0 


und somewhat narrows the gap between 


the theoretical and the Turnbull’s og, figures. In 


case of copper, in particular, one gets, with Crowell’s 


» doubt 
presence 
average o 
juoted high value. If Fisher's 
Nearly Perfect Crvstals. John 
valuation of Udin, Shaler and 
l, viz. 0, 1435 80 


which rings tne 


iccepted instea¢ 
re (G, min + o, max)/2 and the 
other for all 


quite close t« ach 
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correction, 134 erg/em? instead of our 128 erg/cm?. 
In the final og values the effect of Crowell’s correction 
is numerically insignificant. 

The fact that the simple approach of the theory 
can nevertheless render some service is probably due 
to its basic assumptions which incorporate two main 
characteristic features of nonionic solids and liquids: 
(a) the similarity of their “neighborhood structure”’ 
(near the melting-point) as far as the next-neighbors 
and only the next-neighbors—are concerned; (b) the 
steep falling off of the interaction potentials in the 
the 
allows us to limit this interaction to the next-neighbors 


process of fusion with distance, which again 
only and to interpret them in terms of the heat of 
fusion with reasonable approximation. 

It may be added that interpreting the interaction 
energies in term of heat of fusion, and taking o, at the 
melting-point as the starting point, allows us to 
avoid many difficulties involved in the use of heat of 


evaporation and sublimation. 
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A NEXT-NEIGHBORS THEORY OF MAXIMUM UNDERCOOLING* 
ADAM SKAPSKI 


I 


Considering the equilibrium between a small spher 
interface curvature and the interface tension, and introd 
developed, the author shows that the smallest crystal 
has a radius 7 3.5d, where d is the distance betwee 

Assuming that below r 3.5d the interface tensi 
on the melting equilibrium practically ceases to exIst. 
absolute temperature of maximum undercooling an¢ 


hex.c.p. systems is given by 


The formula gives a surprisingly good agreement 


metals, and a reasonably good agreement for other me 
UNE THEORIE DES PLUS PROCHES VOISINS APPLICABLE A 1] 
SURFUSION MAXIMUM 


Considérant que l’équilibre entre un petit cristal sphériqu 
a linterface et pal la tension interfaciale, et introduisant 
développée, lauteur montre que le plus petit « ristal qui presente la 
a un rayon r 3,5d, oti d est la distance entre plus proches voisins 


En admettant que en-dessous de r 3.5d, la tension interfacii 


linfluence capillaire sur léquilibre de fusion disparait 


générale entre la température absolue de la surfusion maxin 
les systemes c.f.c. et h.c., est donnée par: 
T surf m 
La formule est en accord surprenant avec les figu 


concordance est satisfaisante pour l’eau et les 


THEORIE MIT WECHSELWIRKUNG NACHSTER NACHBARN . DIE MAXIMALE 
UNTERKUHLUNG 


Beriicksichtigt man, dass das Gleichgewicht zwischen ein 
seiner Schmelze von der Grenzflachenkriimmung und der Grenzflachenspannung 
bei Anwendung der vom Autor entwickelten, auf der Wechselwirkung na 
Theorie, dass die kleinsten Kristalle mit der vollen ““makroskopische1 
Radius r 3.5d haben, wobei d der Abstand zwischen nachsten Nachba 

Unter der Annahme, dass unterhalb 7 3.5d die Grenflachenspannur 
Einfluss der Kapillarwirkung auf das Schmelz-Gleichg 


zu einer allgemeinen Beziehung zwischen der absoluten T¢ 


dem Schmelzpunkt 7',,, die fiir kubisch flachenzentri 
1x OS] 


lautet. 
Die Formel gibt eine iiberraschend gute Uberein 
die Metalle dieser beiden Strukturen und eine zie 


Wasser. 


INTRODUCTORY REMARKS that the inter 
The assumptions of the next-neighbors approach, in iolecules decreas 
which the present author has been interested for some 
time," *,®) stem from two now generally recognized — the 
facts, namely: (a) that liquids show a short-range fusion 
order which—at least at temperatures near the betwee 


melting-point—is identical with that of their solids, —second-n 


in the liquid and in the 


* Part of the research supported by 
National Science Foundation. Received Jt ¢ 2+. Woo: the num be r ot its next ne } 


revised version January 9, 1956 
+ Physics Department, University of Vermont tries to establish relationship 
For distance changes due to fusion, (b) is true also for istic features of groups 
metallic and ionic substances, because of the large contribution ¥ = 
of short-range forces to this process. properties of solids and 
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In particular, the capillary properties of solids and 
liquids seem to be closely related to the characteristics 


ot two sorts of groups ot neighbors: the “‘surface”’ 


group and the “inner” group. The latter consists of Z, 


next neighbors surrounding any chosen atom situated 
inside of the condensed (solid or liquid) phase. All Z, 
neighbors are also inside of the condensed phase 

The Z 


sides and from below. the chosen atom after it has 


“surface” neighbors which surround, on the 


been transferred to the surface of the condensed phase, 
have average potential energies and entropies different 
those of the 


differencies of energies and entropies that the surtace 


from inner group. It is from these 
tension of the condensed phase and its temperature 
coefficient can be calculated.) 

Thus the 


capillary properties is based on a clear-cut distinction 


whole next-neighbors approach to 


between the inner and the surface group. In other 
the “shell” of the Z, 
layers of the Z, neighbors cannot overlap. We shall 


words, neighbors and the two 
see that this determines the dimensions of the smallest 
from the point of view of the next- 
has still the full 


erystal which 


neighbors theory ‘‘macro”’ surface 


(and interface) tension. 


MELTING TEMPERATURE 
CRYSTAL IN CAPILLARY 
ITS LIQUID PHASE 


THE MINIMAL 
OF A SMALL 
EQUILIBRIUM WITH 
The 


relation between the curvature ( l/r, 
the interface tension of the solid with its own 
liquid og, and the melting point 7’, is expressed by 


the well-known equation 


n SL (1) 
s 

where 


q, is the heat of fusion in erg/gram, and p, is the density 


is the “normal” melting-point (at C 0), 
of the solid at melting-point. For an idealized small 


spherical crystal (¢ 2/r) the above equation 


hecomes 
27 | 
s r 


been 
(3) 


The 


expressed from the next-neighbors theory, 


interface tension dg; recently 


in a fair 
agreement with the experimental evidence, by the 


equation 


2 AV 


where Z, Z,> 


Mq,in erg/mole (per gram- 
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atom), A, is the surface area of the solid occupied by 
N Avogadro molecules (atoms) in one layer, AV/V, is 
the relative volume change at melting, and AS, and 
AS, are the entropy surpluses in the surface of. the 
liquid and of the solid, respectively. This equation 
vields the minimal og,, the very one which is most 
likely to control the equilibrium of very small crystals 
with their melt. 

One sees from equation (2) that the smaller is the 
radius of the crystal, the lower is the temperature at 
which the crystal coexists in equilibrium with its 
melt. In fact, equation (2) predicts a linear decrease 
of 7 


tension stays the same, that is, equal to its macro- 


with increasing (l/r), provided the interface 


scopic value given by equation (3). In this prediction 
the changes in pg and q, are, of course, neglected, and 
equation (2) is assumed to hold down to, and below, 
the dimensions at which equation (3) holds. 

been 


But the validity of equation (3)—as it has 


pointed out in the introductory remarks—is subject to 
the condition that the inner and the surface groups of 
next neighbours must not overlap. This condition is 
satisfied only down to (and including) r 
where d is the distance between the next neighbours. 
The crystal of these dimensions consists namely of a 
central atom surrounded by one layer (shell) of its Z, 
two farther layers of the Z, 
3.5d the difference of the potential 


neighbors by 


At r - 


energy between the central atom and that situated in 


neighbors. 


the very surface of the sphere will diminish, and so will 
the 
equation (3). The capillary influence on the melting- 


interface tension, which will no longer obey 
point will decrease, and the slope of the function 
T = f (1/r) will begin to level off, rather quickly. 
One might attempt to find, e.g. statistically, the 
f (1/r) for r < 3.5d, 


and in this way arrive at the temperature at which the 


exact form of the function 7 


solid/liquid equilibrium ceases to be influenced by 


capillarity any more, that is the 7’,,,, below which 
the solidification of the whole system must occur 
(the lowest temperature of the solid/liquid equilibrium). 
If the theory is correct, the numerical value of the 

maximum undercooling. 


But 
value for 7' 


min Should be equal to the absolute temperature of 


one should get a reasonably approximative 
min DY Substituting in equation (2) the 
Og, obtained from equation (3) and putting r 

Such 3.5d the 
T = f (1/r) line becomes parallel to the (1/r) axis in a 
the 7 = f (l/r) 


function does actually level off quickly in the neigh- 


an approach implies that at r 


discontinuous manner. Provided 


borhood of r 3.5d, the latter approximation should 


work. 


4 


SKAPSKI: 


We thus express A, and r = 3.5d in terms of molar 


volume 


{N13(M 3 (4a) 


(4b) 
where f is the surface packing factor and & is a con- 
stant characteristic for the given crystal system. With 
(4a) and (4b) and with the substitution of ag, from 
equation (3) in equation (2), we obtain 


ar )o, 


4N! 


min 


where AS, = Q,/T,,, is the entropy of fusion. 
If our assumptions are correct, equation (5) should 
for all 


atoms or of not too elongated molecules. 


consisting of 
We shall 


hex. 


be valid nonionic substances 


solve it numerically for the c.f.c. and close- 
packed lattices (for which f and k& are the same) and 


confront the obtained 7’ 


min With the measured tem- 


peratures of maximum undercooling in metals. 
For the two quoted crystal lattices Z,)/Z 1/4; 
f= 1.09; k= 1.122; (AS, — AS,) = 0.3 x 10° 


After collecting the numerical and conversion 


erg 
deg.) 
factors, we get 


min 6 B 


(0.883 0.033/AS,)7.,— AT,, (6) 
where the entropy of fusion is in cal/deg per mole (per 


oram-atom) and 


p. 39, 


S 


with q, in cal/gram. 

The second and the third terms in the bracket of 
equation (6) vary slightly from metal to metal, but 
these variations do not affect the value of A to any 


significant degree, as it may be seen from Table lL. 
TABLE l. 


Metal 0.68B 0.033/AS 


O.O1L7 
O.O15 
0.014 
0.016 


0.065 
0.050 
0.063 
0.050 


Lead 
Silver 
Gold 
Copper 


S06 
817 


S10 


MAXIMUM 


NDERCOOLING 


Mereur 
Galliun 
Ti 
Bismuth 
Le ad 
Antimony 


Germanium 


600 


Silver 
Gold 
Coppel! 
Manganes« 
Nickel 
Cobalt 
Lron 
Palladium 
Platinum 
Wate 


All the auxiliary data needed for computation 


been taken from. 


Accepting the average from Table | for all metal 


the two quoted lattice systems, we have 
O.SL7’ 


The error in retaining A 0.81 for othe 


lattices 


can be estimated at less than 10 in the calculated 


In Table 2 the 7, 


values from equation 7) have 
been listed. togethe with the observed temperature 


of maximum undercooling taken from Turnbull’s 


The experimental figure for water was taken 


paper.‘ 
from Fisher, Hollomon, and Turnbull 
The 


observed figures is surprisingly 


calculated 


fol 


agreement between the 


metals (except for Pb, which out of line 


vets 


reasonably fair for other metals and even for 


It is interesting that a correct veneral relations 
between the temperature of maximum undercooling 
at the 


‘normal’”’ melting-point can be theoreti 


deduced from equilibrium conditions, if the latter t 
into consideration the capillary aspect of coexistenc 
of the solid and the liquid phases It 


this that 


seems alsc 


interesting to author theoretical 


ngures 
reathr close to the experimental ones can be obtained 


by reasoning based on the next-neighbors theor\ 
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PRECIPITATE KINETICS AND STRUCTURE IN A 
Cu-2.4°,, Fe ALLOY* 


J. M. DENNEYT 


isothermal precipitation of Fe from a supersaturat« d solid solution of Cu—2.4°, Fe 

ge 550°C to 800°C have been obtained from measurements of the saturation 

! specimens. The rate limiting process 1n the development of the coherent Fe 
s the diffusion of Fe in the Cu matrix, described in part by an activation energy of 1.65 0.1 
liffraction studies indicate the precipitate forms coherently with the Cu matrix. The coherent 
c, ‘ipitate transforms during plastic deformation to a stable ferromagnetic body-centered 
ucture (perhaps b.c.t. with c/a 1.1). Transformation of the coherent precipitate to the ferromagnetic 
s never observed by thermal treatment alone in the range 4°K to 1073°K; but the precipitat: 


accomplished by plastic deformation. 


CINETIQUE ET STRUCTURE DE PR 
ALLIAGE Cu-2,4' 


ECIPITATION DANS UN 
Y Fe 
La cinétique de précipitation isotherme du Fer a partir d'une solution solide sursaturée de Cu—2,4 
Fer dans le domaine de température 550°C a 800°C at été obtenu en mesurant la saturation magnétique 

des échantillons. 

Le processus limitant la vitesse dans le développement du précipité cohérent de fer est la diffusion de 
Fe dans la matrice Cu, décrite en partie par une énergie d’activation de 1,65 O.leV 

Les études de diffraction de rayons X montrent que le précipité est cohérent avec la matrice de 
cuivre Le précipité cohérent cubique a faces centrées se transforme au cours de la déformation 
plastique en une structure stable cubique centreé et ferromagnétique (peut-¢tre quadratique cent 

1.1 
sformation du prec Ipite coherent en une structure ferromagnetique nest jamals obtenue pal 

9 


simple traitement thermique dans le domaine de 4°K a 1073°K; mais cette transformation s’effectue 


aisément pardéformation plastique. 


AUSSCHEIDUNGSKINETIK UND STRUKTUR IN EINER Cu Fe-LEIGIERUNG 
MIT 2,4% Fe 

Kinetik der isothermen Ausscheidung von Fe aus einem iibersattigten Cu-Fe-Mischkristall mit 
wurde mit Hilfe von Messungen der Sattigungsmagnetisierung der Proben im Temperatut 
zwischen 550 und SOO-C verfolgt. Det geschwindigkeitsbegrenzende Prozess bei der 
r der koharenten Eisenausscheidungen ist die Diffusion des Fe im Cu-Gitter, die durch eine 
gie von 1,65 0.l eV zu beschreiben ist. R6éntgenuntersuchungen zeigen, dass sich 
eidungen in Koharenz mit dem Cu-Gitter bilden. Bei plastischer Verformung wandeln 
hharenten kubisch-flachenzentrierten Fe-Ausscheidungen in eine stabile raumzentrierte 
tragonal-raumzentriert mit c/a 1.1), die ferromagnetisch ist, um. Die Umwandlung 
der koharenten Ausscheidungen in die ferromagnetische Struktur konnte allein infolge von Warmebe 
handlungen im Temperaturbereich zwischen 4° K und 1073°K niemals beobachtet werden; durch 


plastische Verformung jedoch lassen sich die Ausscheidungen ohne weiteres umwandeln. 


1. INTRODUCTION precipitate became ferromagnetic after cold working 


The precipitation of Fe from Cu-rich solid solutions or extended aging at elevated temperature. Smith” 


has been studied extensively in the past. The solu- was led to suggest that the paramagnetic precipitate 
bility of Fe in Cu was examined microscopically by might well be face-centered cubic and_ similarly 
Hanson and Ford,” and magnetically by Tammann oriented with respect to the Cu matrix; while the 
nd Olson.?) Tammann™ studied the magnetic pro- ferromagnetic precipitate could be identified with the 
and hardness of aged alloys. Studies of a more stable, body-centered cubic Fe _ structure. 
Cu-rich Cu-Fe alloys by Bitter and Hetherington and Reekie'® studied the resistivity of 
Kaufman," Gordon and Cohen,’ and Smith’ led to cold-worked Cu-Fe alloys, and Hutchison and 
the realization that the initially paramagnetic Fe Reekie") studied the magnetization of Cu-Fe alloys to 
; determine the solubility of Fe in Cu. More recently 


* eC lecembel » Q55 
Received Dec 22, 1955 Cech and Turnbull“® found that quenching to 
Chis paper is based on studies begur e Atomic Energy 

Research Department. rth American Aviation, Downey. 196°C increased the magnetization of some aged 
rma, and ¢ u eneral F ric | eh = (Cu-Fe alloys, but only by a small fraction of the 
Laboratory, Schenectady, New York. sent address: : 

General Electric Research Laboratory. increase obtained by cold working. 


Call 
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effort to determine if Smith’s suggestion 


regarding the precipitate structure was correct, the 


In an 
present study was undertaken. If the Fe precipitate 
can be assumed to be initially coherent with the Cu 
matrix, as Smith suggests, then it would appear that 
the homogeneous precipitation should proceed at a 
more rapid rate than heretofore indicated; and that 
the kinetics previously observed were actually repre- 
senting the growth of the ferromagnetic form of the 
indicated in the work of 


precipitate part by 


Hetherington and Reekie.‘8) Moreover, Smith’s 


suggestion regarding the precipitate structure might be 
directly determinable by X-ray diffraction analysis; in 
it becomes of significance to ask undet 


which case 


what conditions the coherent precipitate would 
become unstable and transform. 

While it has not been possible to prov ide definitive 
answers to these questions, it has been possible to 
prov ide additional evidence in support of the coherent 
precipitate and some information about its formation 
and stability. 

2. SPECIMEN PREPARATION 

The alloy specimens were prepared from Johnson- 
Matthey more than pure, and 
Johnson-Matthey iron, 99.997°, 


iron chips were added to approximately 50 g of copper 


copper, 
pure. Finally divided 


in a fused zircon crucible, after thoroughly cleaning 
the crucible and the metals. The crucible containing 
the metals was hung in a vertical vacuum furnace for 
and held at 
of 0.2 


1350°C for four hours under a 
The 


in the molten copper in approximately one 


melting 
pressure micron. iron was observed to 
dissolve 
hour. Stirring of the molten alloy was accomplished 
by maintaining a thermal gradient in the crucible, 
allowing the convection currents to provide mixing 
Chemical analysis of the resulting ingot indicated a 
uniform composition throughout, and agreed with the 
weight analysis. 

Specimen foils were prepared from the homogenized 
bulk material by cold rolling the alloy to 0.005-in 
sheet. The individual specimens were die-cut to 
0.395 by 


were prepared by drawing a small piece of the ingot to 


0.089 in. from the sheet. Wire specimens 


0.003-in. wire. followed by etching to remove the 


surface contamination. 


3. EXPERIMENTAL METHODS 

All specimens were solution-annealed tn vacuo in a 
vertical furnace at 1060°C for two hours and quenched 
in iced brine. In order to determine the effectiveness 
of such a quench, six specimens were annealed and 


quenched in a modified Rosenhain apparatus.") The 


AND 


STRUCTURE IN A ALLOY 


aging kinetics of these latter specimens were not found 


to be observably different than the kinetics of the 


specimens il small Vycor capsules Therefi re in 


to reduce the specimen-contamination to a 


sin ill 


ordet 
minimum, all specimens were quenched in thi 
evacuated Vyco1 crucibles 

A modified Curie balance v 


is employed TO dete 


mine as accurately as possible the iC ! ot terro 
magnetic iron developed auring 
The Curie balance cons 


treatment 
dated Engineering Corporation electrom 
was fitted with wedge-shaped pol 

which the specimen was hung 
microbalance. The vertical trai 
ferromagnetic iron due 

viding the iron is saturated 


by 


is the vertical force on the 


where F 


mass. c is the 


specimen 


concentration f the ferrom 


sper ine magnet 


and H 


relation and further considerations pertaining t 


phase o is the 


magnetic phase is the field gradient 


the 
measurement are discussed in detail in the \ppe ndix 
The saturation magnetization of the specimens was 
determined from the force me nt accomplished 
with the Curie balance 

Hardness measurements 
hardness tester, using 


1 .O-kg load 


puted using th 


Diamond 


standard formula 


Cold working of the specimen foils \ 


by compression in a larg ( The specime! 
mounted hetween etched } 
ty 


pressea 


sandwich 


Uniform reduction of 10 


mannel 


4. PRECIPITATION KINETICS 


It was found that no amount of thern 


the range 550°C to SOO°C prod ced a fer! 
precipitate in a 2.4 Fe in Cu alloy 


contradiction to the results previously r port 


The conclusion derived from this studv regardin 


ferromagnetic precipit ite is that no thermal tre 


below 800°C (even quenching into liquid heliun 


the 


precipitate 


transtorm paramagnetic iron 


ferromagnetic form 


In order to determine the amount of transformed Fe 


precipitate by the saturation magnetization 


specimen, it was therefore necessary to cold-work 
anneal the specimen. Accordingly, a LO leform 


was chosen, followed by a one-minute anneal 
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PRECIPITATE KINETICS AND STRUCTI 


SATURATION MAGNETIZATION 


NORMALIZED 


Precipitation kinetics of 


aging temperature (no anneal in the case of 1-minute 
aging). The aging kinetics determined in this mannet 
(i.e. aging, cold working, and annealing) are shown in 
Fig. 1. It is to be noted that the aging kinetics 
obtained differ significantly from those reported by 
Gordon and Cohen and Cech and Turnbull.“@°® 
These are shown for an aging temperature of 700°C i: 
Fig. 2. A possible explanation of the discrepancies 
will be discussed later. 

The activation energy for the precipitate develop- 
ment, assuming a thermally activated growth process 
may be calculated from Fig. 1. Both log time at 
constant per cent magnetization and log per cent 
magnetization at constant time are linear with 
reciprocal temperature and yield an activation energy 
of 1.65 O.leV per atom. It appears reasonable to 
assume that 1.65 eV is the activation energy for the 
diffusion of Fe in the Cu matrix, since it is somewhat 
smaller than the activation energy for Cu self-diffusion 
(2.0 eV) as expected for the smaller Fe atom. Further- 


more, the ¢/? dependence of saturation magnetization 


on isothermal aging time, Fig. 3, for small aging time 


is in agreement with the hypothesis of precipitate 
growth by diffusion of Fe. These considerations and 
the sigmoidal character of the curves of Fig. 3 indicate 
that the rate-limiting process in the precipitation is 
the diffusion of Fe in the Cu matrix. Presumably the 
precipitate nuclei are formed during the quench, or 
very rapidly in the aging process, in at most a few 


seconds. In view of a recent suggestion by Turn- 
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phic examination 


at 700° showed a hon 


ove 


precipitate which could be resolved afte 


(L500 


crain-bound 


precipitate coarsened, indic iting 


of the large 


with a remarkably 


ary precipitate As 
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smaller ones. 
(2.64 10° min) 
which had extent of 
Widmanstatten The 


mum platelet size in this specimen was estimated to be 


One specimen aged at 800°C for six 
developed a precipitate 


the 


months 
structure coarsened to 


resembling a structure. maxl- 


of the order of 10 microns in diameter. 


Determination of the crystallographic structure of 


the precipitate and its relation to the parent lattice by 


was not conclusively 


X-ray 


attained: 


diffraction techniques 


however, further evidence in support of 


Smith’s suggested structural relation’” was obtained. 
Laue patterns of large crystals in the 0.005-in. foils 
showed sharp f.c.c. spots after quenching from 1060°C. 
After aging at 700°C for a few minutes, it was found 
that “streaks” had developed near the (111) and (200) 
Laue spots from these crystals. These streaks near the 
(111) and (200) grew in size and intensity (even though 
still quite faint) as aging progressed to a maximum 
intensity at approximately one hour at 700°C. 
Furthe 


in intensity and finally disappear after approximately 


aging at 700°C caused the streaks to decrease 


ten hours at 700°C. Continued aging. up to 1000 hours 
at 700°C, produced no further change in the Laue 
patterns.* No combination of thermal or mechanical 


treatment of the specimen foils was sufficient to 
develop additional Laue spots which could be taken as 
the 
the f.c.c 


the 


adequate evidence for existence of another 


structure in addition to parent lattice. 


Theref re, 


precipitate initially forms coherently with the copper 


according to Laue evidence, the 


LOO}, 


the 


parent lattice as platelets on the 111! and 
Efforts to 


apparent lack of a unique habit plane for the platelet 


simultaneously. resolve 


perhaps 


formation were not successful. 


the determination of the 


evidence for 
of the 


was obtained using a 0.001-in. polycrystalline 


some 


structure transformed (ferromagnetic) pre- 
cipitate 


precipitate 
ue methods by 


hnaings 


allovs by La 
neral 
d the 


rk at the Ge 


eWRI 


further substantiate 


diffrs 


of X-ray 


Phase 


1 1060°C, 6 hr. 


quencnec 


700°C, 24 hr. 
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The results of this 
investigation Table 1. Lattice 


parameters for the parent lattice were obtained by the 


wire ina Debye-Scherrer camera. 
are summarized in 


method of least squares and Cohen’s method.“? 


Extension of the wire by 25°, caused the appearance 
of very faint lines, which could be indexed as (110), 
(200), and (112) body-centered tetragonal lines. The 
lattice parameters for the b.c.t. lattice cell calculated 
are a, = 2.8A, 
700°C 


on the basis of this indexing 


C 3.1 A, c/a L.1. 


- Annealing the wire at 
for one hour produced an increase in intensity of the 
body-centered lines and a small relative shift of the 
The resulting parameter determination for a 
body-centered cubic structure y ielded Ay 2.86 A. 
While the X-ray diffraction results are inadequate 
the 


lines. 


for the complete specification of precipitate 
structure, the X-ray and kinetic evidence forms a basis 
for a suggested precipitate structure. Therefore, it is 
suggested that the Fe precipitate forms isothermally 
as coherent platelets on the parent (111) and (100) 
planes. These platelets grow at a rate limited by the 
thermal diffusion of Fe in parent solid solution, and 
never lose coherency with the parent lattice during 
growth. The Fe precipitate, however, can be made to 
working or by charged- 
the 


lose coherency by cold 


particle irradiation’®); whereupon precipitate 
transforms to a ferromagnetic body-centered tetra- 
gonal structure with an axial ratio slightly greater 
than unity. The metastable Fe precipitate evidently 
transformation, 


transforms by a martensitic-type 


since the transformation is completed in less than 
1 sec at temperatures as low as 80°K. 

The Gordon and Cohen"? and Cech and Turnbull? 
results can be explained on the basis of this suggested 
precipitate structure. The larger specimens used by 
Gordon and Cohen and by Cech and Turnbull cannot 
be quenched as rapidly as the 0.005-in. foil specimens: 
determined, in the limiting quench, by the thermal 
diffusivity and geometry of the alloy. The reduced 
cooling rate and the possibility of a higher impurity 
least se7® could conceivably 


content, in at one ca 


iction analysis of a Cu—2.4° 


Structure Lattice parameter (A) 


Solid solution 


Solid solution 


precipitate 


Solid solution 


precipitate 


annealit d 
700°C, hr. 


Solid solution 


precipitate 


* 4 + ; { 
e, vestiga O 
tructul arious copper-1irol 
Ww. Martin and J. B. N cubed 
Research Laboratory hav: 
Para f.c.e. ay = 3.6123 
ced Para f.c.e. = 3.6148 
f.c.¢ ay = 3.6148 
cold worker ‘erro 
b.c.t. (2 = 11401 
Ferro f.c.c, Ay 3.6152 
b.c.c. = 2.86 
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greatly increase the impurity contribution to the 
determination of precipitate structure. It is suggested 
that the previously reported results are due to the 
formation of noncoherent nuclei, perhaps impurities, 
which grew during subsequent aging. The interesting 
temperature effects observed by Cech and Turnbull do 
not appear to be completely explicable in terms of 
noncoherent nuclei, but may be due to impurities 
(principally C) which allow only a partial coherency 
Thus 
the energy necessary to cause transformation of the 
the that 
quenching to 80°K would transform a fraction of the 


between precipitate and the parent lattice. 


precipitate could be reduced to extent 


precipitate particles. None of the foil specimens of the 
present study exhibited a similar effect on quenching 


to temperatures as low as 4°K. 


6. SUMMARY 


The kinetics of the homogeneous isothermal pre- 
cipitation of Fe from a supersaturated solid solution of 
Cu-2.4°,, Fe have been found to proceed as a diffusion- 
limited growth process characterized with an acti- 
vation energy of 1.65 + 0.1 eV. The paramagnetic Fe 
precipitate transforms to a ferromagnetic structure 
upon plastic deformation of the alloy, but cannot be 
transformed by any thermal treatment below 800°C. 
X-ray diffraction that the 


magnetic Fe precipitate forms coherently with the 


studies suggest para- 
parent Cu lattice on the {111} and {100} planes, 
transforming under plastic deformation to a ferro- 
magnetic body-centered structure (probably tetra- 
The 
metastable Fe precipitate occurs by an 
than 
initiated by 


gonal with c/a =~ 1.1). transformation of the 
unknown 
less l sec at room 


martensitic mechanism in 


temperature and below when plastic 


deformation. 
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Appendix 
8. DETERMINATION OF THE AMOUNT OF 
FERROMAGNETIC PRECIPITATE 
The saturation magnetization of the specimens was 
the due to a 
a field 
the 


determined from translational force 


magnetic field gradient of 459.0 oersted/cm in 


of approximately 10 kilo-oersted. Providing 


specimen is saturated, and homogeneously ferro- 


AND 
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magnetic, and in a medium of unit permeability, the 


force 1S 


H 


VIOUSLY) 


where the symbols have been defined pre 


Equation (1), in this instance must e correcter 


for the force due to the paramagneth 


rounding the Fe-precipitate particles, th 


of the matrix, and the effect of the size 
magnetic anisotropy of the Fe-precipitate 
The first two of 

The 


volume susceptibility, « 


these corrections ar 


most Cases 


pernie 


Since « is of the order of 10~-°? e.m.u 


cm” 
matrix, the permeability is different from 
LO The ree ( 


the order of ie to the ( 


given by 
F u( / H 


where 7 is the gram _ susceptibility 


Compari 


with equation (1), it is seen that for 
2.4 at pr 


rorces due 


equation (3) 
fully developed precipitate 
ferromagnetic Fe) the ratio of th 
matrix and precipitate is 10-°. TI 
significant only 1 


force due to the matrix is 


netization determinations involving less thai 
the precipitate 
The effect ot the prec [pit ile sh 


tropy cannot be dispensed with so easily 


first the particle size, it can be shown" 
particle magnetization at room temperat 
as superparamagneti 


100 \ in 


particle s smaller 


parti 
diame tel The 


LOOA 


ybservation th 


about 
th 
dent From the « 


worked foils was not temperature-dependent 


SO-K and 300°K, it may be concluded t 


onetic particle » Jaro han 100 


-cente red cubic 


LCquIre 


approx! 


4 1] 
etization 1 neida 


the m: 


Wohlfart 


dete rmining the magne 


for six months at SOO" 


annealing. The amount 


mined from the phase dali 


mu l 
= 
ne ( 
| 
The 
A IS Une 
Ars mn ma 
S¢ 
| +} + thy 
magnet 
; / thy 
It is vr not 1 
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The 


observed magnetization to the calculated total mag- 


reached equilibrium at Ss00O°C. ratio of the 


netization was 0.9. This fractional magnetization (0.9) 
was used in all determinations of the amount of pre- 
undetermined error is 


cipitated Fe: however, an 


undoubtedly incurred with smaller particle sizes 
(~200 A). This correction is important only for very 
short aging times (~1 min at 700°C) or small mag- 


neglected. In Fe the dependence of the coercive force 


netizations, 0.05, and therefore may be 


on crystallographic direction amounts to a_ few 


hundred oersted, and therefore may be neglected in 
the present treatment. 

The quantitative determination of the amount of 
measurements 1s 


precipitated Fe by magnetization 


therefore considered accurate within about 2°, for 


magnetization ratios, /,//, ,,,, above 0.10. For mag- 


netization ratios below about 0.03 the data probably 
hear little relation to the amount of precipitated Fe, 
estimate of 


based on an the precipitate particle 


size. 
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THE INFLUENCE OF TEMPERATURE ON PRE-YIELD PLASTIC AND ANELASTIC 
MICROSTRAIN IN LOW-CARBON STEEL* 


J. A. HENDRICKSON, D. S. WOOD, and D. S. CLARK 


Pre-yield plastic and anelastic microstrains in an anneal 
function of time under rapidly applied constant tensile 

76°F (+24°C), and 150°F (+ 66°C). The rates of pre 
are compared with the theoretical rates for the thermall 
spheres of interstitial solute atoms. This comparison in« 
the apparent activation energy for dislocation release is inversely proport 
predicted by Fisher. However, the results obtained at 5 ‘ 66 ¢ 
obtained at the two lower temperatures in the manner predicted. Also, the 
energies required to fit the experimental measurements are almost two order 
those predicted by previous dislocation theory. A modification of existing the 
for these discrepancies is discussed qualitatively. 

The total amounts of pre-yield microstrain observed at L50 
larger than those at the two lower temperatures. This result 


existing theories is required. 


LSINFLUENCE DE LA TEMPERATURE SUR DES MICRODEFORMATIONS 
PLASTIQUES ET NON ELASTIQUES D'UN 1R A BAS CARBONE 
Sur un acier revenu a bas carbone, les microdéformations “‘pre-yield”’ plastiques et non « 
été mesurées en fonction du temps, sous des tensions de traction constantes, ippliquées rapid 
températures de 23°F (—31°C), 76°F 24°C) et 150°F 66 °¢ 
Les vitesses de la microdéformation “‘pre-yield’*> quand la tension « 
comparées aux vitesses théoriques de la libération des dislocations, due 
partir des atmosphéres d’atomes interstitiels en solution 
Cette comparaison indique un accord limité avec la théorie en ce que l’énergie dac 
pour la libération des dislocations est inversement proportionnelle a la tension applic 


le prévoit; cependant les résultats obtenus a 150 °F 66°C) ne sont pas en ac 
] 
i 


aux deux températures inférieures. D’autre part, les grandeurs des énergies 
pour expliquer les mesures expérimentales sont a peu prés de deux ordres di 
celles prévues par la théorie des dislocations. 

Une modification de la théorie existante qui pourrait tenir compte 1e Ce 
qualitativement. 

Les grandeurs totales des microdéformations “pre-yield” observées a 
plusieurs fois supérieures a celles obtenues aux deux températures inf 


également qu'une modification des théories existantes est nécessair 


DER EINFLUSS DER TEMPERATUR AUF DIE AUSGIEBIGEM FLIESSEN VORHERGI 
PLASTISCHE UND ANELASTISCHE MIKRODEHNUNG IN KOHLENSTOFFARMEM 


An einem ausgegliihten Stahl mit niedrigem Kohlenstoffgehalt wurden 


aufgebrachter Zugspannung die vor dem ausgiebigen plastischen Fliessen au 


fty 


anelastischen Mikrodehnungen bei den Temperaturen are, 24°C und 66 
der Zeit gemessen. Die Geschwindigkeiten des Mikrofliessens im ersten Auf bringer 
werden verglichen mit den theoretischen Geschwindigkeiten fiir das thermisch : 
Versetzungen von Wolken aus gelésten Zwischengitter-Atomen Dieser Ve1 
begrenztem Umfang eine Ubereinstimmung mit der Theorie erkennen, al 
Versetzungen ergebende Aktivierungsenergie entsprechend der Voraussage 
proportional zur angelegten Spannung ist Hingegen stehen die bei 66 ( 
nicht in der vorhergesehenen Weise mit den Messungen bei den beiden tieferen 
Einklang. Ausserdem sind die zur Befriedigung experimentellen Messungen erforderliche 
Aktivierungsenergie fast um zwei Grossenordnungen kleiner als die bisherigen versetzungsthes 
Voraussagen. Eine Modifizierung det vorhandenen Theori die dic aultg etenen Diskre panz 
kann, wird qualitativ diskutiert. 

Die beobachteten Gesamtdehnungen des Mikroffliessens sind 
als bei den zwei niedrigeren Temperaturen. Auch dieses Erg 


bisherige Theorie zu modifizieren, hin. 


INTRODUCTION relations is known to be preceded ' small 


The initiation of discontinuous yielding in metals and anelastic strain. The maximum value 


which exhibit distinct yield points in their stress-strain strain may be only a few per cent of the elastic strain 


x = at the upper yield point in the case of annealed 
* Received January 16, 1956. : 
+ California Institute of Technology, Pasadena, California. 
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low-carbon steels. Plastic and anelastic strain of 
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the order of 10~® in./in. may be detected at stresses 
of about one-half the upper vield stress by employing 
techniques for strain measurement of high sensitivity. 
Such strain has been studied by Roberts, Carruthers, 
Averbach,” 


wire strain gages to detect residual strain in plain 


and who employed resistance-sensitive 
carbon steels subjected to cycles of loading and unload- 
ing in tension. They found that the amount of this 
plastic microstrain increased with increasing applied 
stress. 

Pre-\ ield plastic and anelastic microstrain in an- 


nealed low-eal bon e] has been investigatedasa funec- 


tion of time at room te mperature under conditions of 


rapidly applied constant tensile stress by Vreeland, 
Wood, Clark.2: ®) This 


strain at relatively low 


shows that such 


rates (10-® to 


and work 
akes place 
10-8 in./in./see) during the delay time for the initiation 
The 
associated with discontinuous yielding is found to 
after 


about 30 


of discontinuous vielding. much larger strain 
begin 
The 


is clearly distinguished from the yield strain in tests at 


10~® in./in. pre-vield microstrain 
constant tensile stress exceeding the static upper \ ield 
stress by a 
the specimen when discontinuous yielding begins. 
The pre-vield microstrain that occurs when the applied 
tensile stress is below the static upper yield stress is 
less than at stresses above the upper yield stress. 
The total 


annealed plain 


microstrain for an 


‘arbon steel of 0.12°,, 


equilibrium plastic 


carbon, having 


a static upper yield stress of 42,000 lb./in.*, varies 


from about 3 10~-§ in./in. at a stress of 25,000 Ib./in.? 
to about 30 » 10-°in./in. at the upper yield stress. 

Pre-vield plastic and anelastic microstrain has also 
been observed in ductile molybdenum‘ subjected 
A distinct 
the 


phenomenon of delayed yielding in this material is 


to rapidly applied constant tensile stresses. 


vield point in the stress-strain relation and 


very similar to that found in annealed low-carbon steel. 
Vreeland, Wood, Clark,: 


these pre-yield plastic and anelastic microstrains to 


and have attributed 


the generation of dislocation loops at Frank-Read 


The 


the microstrain rate, may be governed by the therm- 


rate of such generation, and hence 


sources. 


illy activated release of the source dislocation from 


in “atmosphere” of interstitial solute atoms as 


proposed by Cottrell and Bilby.‘® The latter authors 
developed a relationship for the thermal activation 
energy as a function of the stress tending to release 


the dislocation. More recently, Fisher’ has proposed 
an approximate relation based upon a considerably 
that 


vation energy for the release of a dislocation from a 


simpler derivation. Fisher’s result is the acti- 
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a total pre-vield microplastic strain of 


marked increase in rate of extension of 
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Cottrell 
the stress tending to move the dislocation. 


“atmosphere” is inversely proportional to 

The purpose of the present paper is to present the 
results of experimental measurements of the pre-yield 
plastic and anelastic microstrain in annealed low- 
carbon steel as a function of applied stress and 
temperature. The rates of pre-yield microstrain are 
compared with the rates predicted on the basis of 
release of dislocations from 


thermally activated 


“atmospheres.” 


MATERIAL AND TEST SPECIMENS 

The material and the form of test specimens used 
in this investigation are the same as those employed 
for the previous studies, ® of pre-yield microstrain. 


The material is of the following analysis: 


Carbon 0.12%, 
0.43% 
0.019%, 


0.042°, 


Manganese 
Phosphorus 
Sulfur 
Silicon 


920 


Copper 


Tin 0.037 ° 


oO 


flat section of 


The heat treatment 


gage 


The specimens have a thin 
Lin. 0.100 in. and in. long. 
consisted of annealing at a temperature of 1680°F 
(915°C) for 2} hr in dry hydrogen, followed by a 
1300°F (704°C) for 22 hr. 


that there is essentially no 


homogenizing treatment at 
It has 


) 


been shown’ 
change in the carbon content of the specimens during 
these treatments. Previous investigation’) has 
shown that this material has an ASTM grain size of 6.7 
and a Rockwell-B hardness of 54. Also, static tensile 
tests at +73°F (+23°C) that the upper 
yield stress is 42,000 lb /in.* and the lower vield stress 


is 29.000 Ib 


showed 
in. 


EQUIPMENT AND TEST PROCEDURE 

The this 
rapidly but smoothly applying a tensile load to the 
after 


tests in investigation were made by 


specimen within a period of about 10 msec, 
the load 


This was accomplished by means of a rapid load- 


which remained substantially constant. 


testing machine of special design which has been 
described previously.‘* 

The plastic and anelastic microstrain was determined 
by essentially the method described in 


a previous 


paper. This method employs a strain-bar having 


a gage-section area almost the same as that of the 


specimen to which it is connected in series. The strain- 
bar is made of SAE-4130 steel, heat-treated to provide 


an elastic limit, sufficiently high so that it remains 


0.27%, 
| 
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elastic under the loads applied in this investigation. 
Two type A-7, SR-4 wire strain gages are bonded to 
the gage section of the strain-bar and electrically 
connected to the two type A-7 gages bonded to the 
specimen in such a way that the elastic strain of 
the strain-bar subtracts from the total strain of the 
This 


the maximum sensitivity of the recording system 


specimen. arrangement permits the use of 
without exceeding the total strain-recording capacity 
of the system. 

The load acting on the specimen was measured by 
means of a dynamometer, described previously,‘ 


AB-14, SR-4 


The load and microstrain were determined as functions 


employing type wire strain 


gages, 


of time during each test by recording the amplified 


gages with a 


signals of the dynamometer and strain 
suitable galvanometer-type oscillograph. The sensi- 
tivity of this system is such that the strain resolution 
is 10~® in./in. or less. The load on the specimen was 
determined within an overall accuracy of 4' 

The time resolution of the measurements depended 


The 


latter was varied to suit the expected microstrain 


upon the recording-paper speed employed 


rates. At the highest recording rate employed, the 
time resolution is about | msec. 


Several tests were performed to determine 


as 
nearly as possible whether or not the strain produced 
in the strain-bar by rapid load applications was truly 
elastic. This question is important, since any appreci- 
able the 


strain-bar of 


plastic and/or anelastic microstrain in 


would cause an apparent indication 
less microstrain in the test specimen than the true 
value. 


This 


tests in which the strain in the strain-bar alone and 


check was made by performing rapid load 


the signal from the dvnamometer were recorded with 
These 


trace 


the amplifiers set for maximum sensitivity. 
sensitivity settings are such that a one-inch 


deflection corresponds to approximately 50 


10~® in./in. strain in the strain-bar and approximately 
140-Ib The 
to within 0.02 in. or better. 


load. records can be measured readily 
The loads used for these 
tests were in the range employed for the investigation 
of pre-yield strain, i.e. of the order of LOOOIb. The trace 
to full tests 


would be much more than the 4 in. maximum allowable 


deflections from no-load load in such 
trace deflection for the recording equipment. There- 
fore, the balancing controls of the amplifiers were set 
before the tests so that the signals were biased off 


the record by such an amount that when load was 
applied the traces would come onto the record. 
In this manner, plastic and anelastic microstrain 


which might occur in the strain-bar after the load 


.D STRAINS 
had been applied could be investigated with the same 
high sensitivity as that employed in the pre-yield 
strain tests 

The 
operating conditions of the above type by 
the 


recording system itself was checked unde 


upplying 
uurely electrical input signals of nitude 
| 


same n 
as those encountered in the investigation of the strain- 
bar. This showed that 1 


he recording system itself 


does not introduce any detectable error when ubjyected 
to such large initial off-balance 

The rapid loading tests oO} 
that the ratio of the rduced 
the 


the SR-4 gages on the dyn imometer 1s con 


signal re 


gages on strain-bar to the 


signal p 


load within the accura: 


respect to time at 


the record traces can he measured 


themselves not constant with 


the 


are respect 


because rapid load-testing machine 
does not maintain an exactly constant lo: 
The of 


dy hnamomete 


results these tests could mean that 


and strain-bar exhibit exactly 
plastic and/o1 ane lastic microstrain effects Howe Vey 
First 


this seems very improbable for three r 


] 


the cross-sectional area of that 0 mn I vn 


SR are cemented Is 


meter to which the 


twice th corresponding section of the strain-bai 


that the stress in the dynamometer is one-h 


the stress in the strain-bar. Second, the dvnamomet 


and the strain-bar are made the same steel (SAE 


£130) but with different quench and temper tr 
hardness of he dynamom« 


and 34 


and 


the 


bar are 40 Ri 


such that 


strain- respectively 


hoth dynamometel 


stresses of less than one 


to 
Therefore 


concluded th ul 


result of 


oreatel than 


strain-bar for 
Investigation 


The 


erately 


-section area 
made slightly 


section area of the so that 
of the 
than the 
ol 


deflection of the 


race- 


specimen 


strain strain-bar would always 


la 


onset 


rel elastic strain of the 


spec 


microstrain in the the 


Spe clmen 


strain trace on the test recor 


opposite direction to that caused by th 


elastic off-balance between the strain-ba 


men. The inflection point caused by this 


issumed 


direction of the strain trace is 


t 0, i.e. it 


is assumed that a neglig 
microstrain has occurred in the specime! 


time. The microstrain, at any given time 
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Strain Bar 


Hard Rubber 


Specimen 


Hord Rubber 


by determining the relative deflection of the strain 


from this inflection point. A 


trace, at that time. 
correction was applied to the measured microstrain 
to account for small changes in the elastic off-balance 
strain associated with small load changes which are 
oduced by the rapid load-testing machine. 
Tests for the determination of pre-vield microstrain 
e conducted at temperatures of 31°C), 
6°F (24°C), 150°F (66°C). The initial plans 
included tests at 100°F (—74°C). 


le measurements of pre-yield microstrain could 


and 
However. 
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not be obtained at this temperature due to failure 
The tests 


were made 


of the strain-gage bonding cement (Duco). 
23°F L_150°F 
while the specimen and strain-bar were immersed 
The bath 
in a hard rubber container around the specimen 
This 


container is shown in the assembly drawing given 


at temperatures of and 


in suitable thermostatic baths. was held 
while attached to the grips of the machine. 
in Fig. 1, which also shows the insulated specimen 


The tests at 76°F 


conducted without a thermostatic bath. 


grips and the strain-bar. were 

The temperature of the specimens was determined 
by means of copper-constantan thermocouples held 
in contact with the specimen gage-length by “Scotch” 
electrical tape. The output of the thermocouples was 
measured with a Leeds and Northrup portable pre- 
cision potentiometer. Temperatures were determined 
and variations during a test and from 


» 


to about | F. 
test to test were within a range of variation of 

EXPERIMENTAL RESULTS 
A typical test record is shown in Fig This record 
test at 76°F (--24°C), 


elastic off-balance strain between the specimen and 


for a indicates the initial 


strain-bar. and shows the general manner in which 
the pre-vield microstrain varies with time at nearly 


constant stress. The pre-\ ield plastic and anelastic 


microstrain is shown as a function of time for various 
and 


stress levels in Figs. at te mperatures ot 
i6°F 


23°F 24°C), and 
( 66°C) respectively. The significant test results are 
siven in Table 1 for each test stress and temperature 
employed. The equilibrium microstrain is given for 
tests at stresses below the static upper \ ield stress. 
This is the total microstrain reached after a relatively 
load the 


dropped to zero. The 


long time at when microstrain rate has 


pre-vield microstrain is given 
for tests at stresses above the static upper \ ield stress. 
The latter the 


points of minimum slope of the microstrain vs. time 


values of microstrain are taken at 


curves. The delay -time for \ ielding is given for those 
tests in which yielding occurred. The values of the 
initial microstrain rates (slopes of the microstrain vs. 
time curves at time zero) are also given in the table. 
These rates may be in error by as much as 50°, in 
some cases, due to the very small changes of strain 
which occur during the initial period of approximately 
constant strain rate. This error tends to be greatest 
for values obtained at relatively low stresses where 
the total plastic and anelastic microstrain is the least. 
microstrain rates for tests at 


The errors in initial 


the higher stress levels are probably considerably 


less than 50°... Similar results taken from the records 
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Fic. 3. Pre-yield plastic and anelastic microstrain vs. time 
at 23°F (—31°C): candt values give the constant test-stress 
and time-scale multiplying factor respectively for each curve 
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of tests made at +-73°F (-+-23°C) in previous investi- 
(2 


gations “: *) are presented in Table 2. 


DISCUSSION 


Fisher‘ has proposed that the thermal activation 


energy W* required for the release of a dislocation 


from an “atmosphere” of solute atoms is given by 


W* — f(y/y,)/br (1) 


40 JA\FIF0/ 


7600 Ib/in? t, 
227, 


where y, is the energy per unit length of a dislocation 


which is free from absorbed solute atoms, y is the 


Strain, 10°° in./in 


energy in the presence of an “atmosphere,” 5 is 


the magnitude of the Burgers vector, 7 is the resolved 


Plastic 


shear stress acting on the dislocation, and 


are cos y/y 


“1G. 5. Pre-yield plastic and anelastic microstrain vs. time 
at 150 F 66°C); o and ¢ values give the constant test- 
7 lO IS stress and time-scale multiplying factor respectively for each 

Time After Application of Stress curve. 


TABLE 1. Results of measurements of pre-vield plastic and anelastic microstrain 


Equilibrium Pre-vield Initial microstrain 
: Delay time 
perature > mucrostrain microstrain rate 
msec) 


in./in.) 10-8 in./in.) in./in./see) 


No vield 10-6 
No yield 10-6 
No \ ield 
No vield 

0.16 

O.17 

0.20 

O.O1L5 


No vield 
No vield 
No yield 


d 
d 
No yield 
No yield 
No yield 
No yield 
No yield 


0.05 


Results of previous measurements of pre-yield plastic and anelastic microstrain(?: 3 


Equilibrium Pre-vield Initial microstrain 
Ter Delay time 
emperature : microstrain microstrain rate 


(sec) 
10-® in./in.) (10-6 in./in.) 


No yield 
No yield 
No yield 
No yield 
No \ ield 
No yield 
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200 
2 
° 
| 
150 | 
; 
| 6 
RS © 
2 
100 | -Sf-s 
Ae 
| /s 
/t 
| ~~ 9200 Ib/in? t, 
/ see 
= 
| ~ 4V 2/3 [1 for l 
A 
s4 23°F 30.2 9.5 
74 23°F 31° ¢ 33.5 11.2 
98 23°F 32°C) 35.1 9.0 
86 23°F 31°C 42.1 28.0 
75 23°F 31°C 51.4 20.0 
77 23°F 31°C) 52.2 $5.0 
7] 23°F 31°C 52.7 10.0 
85 23°F 63.4 
87 76°F 94°C) 26.0 1.65 5.6 
97 76°F 24°C 29.8 3.30 1.4 1Q-° 
46 76°F 94°C) 35.0 5.20 6.5 10-5 
72 76°F (+ 24°C) 10.5 19.0 No yield 3.8 x 10~¢ 
60 76°F 24°( 19.6 0.014 2.1 1Q-8 
L50°F 66°C 15.4 60 1.3 10-5 
150°F 66°C) 20.2 iz 2.0 10-¢ 
SO L50°F C) 148 2.4 
L50°F 66°C) 27.6 132 1.2 
L50°F 66°C) 30.6 134 1.2 10-% 
43 L50°F 66°C) 34.8 1.5 
79 150°F 66°C) 35.7 158 2.8 10-8 
90 150° F 66°C $0.7 120 3.58 10-8 
TABLE 2. 
73°F Za ©) 25.0 3.0 5.1 10-6 
73°F 29.0 4.0) 1.8 10-5 
20 73°F ( 23°C) 31.5 6.0 5.0 LQ-5 
2] 73°F (+-23°% 35.5 10.0 1.2 10-4 
17 73°F 23°C) 38.5 13.0 1.7 10-4 
16 73°F 2a°C $1.0 24.0 1.6 10-4 
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lhe number of dislocations released per unit time, n, is 


given by 


no exp[—W*/kT} (3) 


where k is Boltzmann’s constant, and T is the absolute 
temperature. 

Assuming that the observed pre-vield plastic and 
anelastic microstrain is due to dislocations released 
Cottrell the 
should be proportional to z. The value of the resolved 


from atmospheres, microstrain rate 
shear stress to be used in equation (1) is taken to be 


load 


first applied. However, after some pre-yield micro- 


one-half the applied tensile stress, o, when is 
strain has taken place, this may be an incorrect value 
of 
previously released and held up at obstacles such as 


because back stresses caused by dislocations 


Under a constant applied stress 
the 


grain boundaries. 
the 
locations still to be released from atmospheres may 


local resolved shear stress acting on dis- 
decrease as the microstrain increases. This would then 
result in an increase of the activation energy, W*, 
and, hence, a decrease in the microstrain rate as the 
total amount of microstrain increases during a given 
test. Just such behaviour is often observed experi- 
mentally, as may be seen in Figs. 3, 4, and 5. 

Thus the initial pre-yield microstrain rate (the rate 
when load is first applied) may be related directly 
to the applied stress, while the microstrain rates at 
later times may not. Therefore, the initial microstrain 
rate, En? which is proportional to n, may be expressed 
by the relation 


Da, 2 


“/0 


(4) 


or in the more convenient form 


” — 2(y92/bk) 


exp | 


In é,, = ¢ (5) 
where C and C” are undetermined constants. 

Thus, according to equation (5), the dependence 
of the initial microstrain rate upon applied stress 
and temperature is contained entirely in the term 
(1/o7). Actually, the quantities y, and y depend 
slightly upon temperature through the temperature 


) 


dependence of the shear modulus, as Fisher‘ has 


indicated. However, over the temperature range of 
the experiments reported here, this effect is negligible 
compared with experimental uncertainties. 

The 


equation (5) in Fig. 6, in which the initial microstrain 


experimental results are compared with 
rate is plotted on a logarithmic scale as a function 
of the quantity (1/a7’). 
obtained at 
(—31°C) lie on the same straight line, within experi- 

the of 


at 


The experimental points 
at 


room temperatures and 


accuracy, In agreement with form 


equation (5). the 
L150°F (+66°C) lie on a distinctly separate straight 


mental 


However, results obtained 
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of the 
0.12 


6. Initial pre 


product of stre 


earbon steel 


seri bes the stress de pe nd- 


and the 


line. Thus, equation (5) de 
ence of the initial microstrain rate correctly 
range 


t 23°F (—31°C 


temperature dependence in thi from roon 


temperature down to at leas 


However, it fails to describe the temperature cle pre nd 


ence properly in the range above room temperat 


The experimental results obtained at 


( 66°C) exhibit another distinct difference 


results obtained at lowe! temperatures 


the total amount of pre-yield plastic and 
microstrain at any given stress level is much g 

L50°F | 
This 
microstrain and pre-yield microstrain given in ‘ 
ol 


66°C) than at room temperature a1 
fol 


may be seen in the values equi 


and also by comparing the curves microst 
time given in Fig. 5 with those given in Figs 
On 


microstrain 


amounts 


the 


the total 
the 


the other hand. 


are about same at 


temperatures for a given stress level 
This 


temperature ol 


between the results obtained 


| 


at room temperature and below is in disagreement wit! 


contrast 


66°C and those 


coul 


a dislocation theory previously proposed? to a 


for the total equilibrium plastic and anelastic mi 
According to this theory, the tot 


il amount 


strain. 


ly depend upon the 


pre-vield microstrain should on 


ry 3 
WwW) 
| 
| 
Cc x 
\ 
TT 
VOLe 23°F (243°K 76°F (298°K 
4 73°F (296°K 150° F (339°K 
- 
4 
150°) 
| 
| 
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g energy ratio (1 


‘mperature 


31 
IQ 0.0018 


24°C)) 


66 0.0012 


150° F 


(This 


assumes that the variation of the shear modulus with 


applied stress and not upon temperature. 
temperature is negligible as discussed previously.) 
Thus, the results obtained in the present investigation 
at 23°F (—31°C) 76°F (+24) 
agreement with the previous theory, while those 
150 F ( 


and are in 


obtained at 66°C) are not. 


The present experimental results may be compared 


with dislocation theory in another respect by con- 
sidering the slopes of the lines representing the data 
in Fig. 6. According to equation (5), these slopes 
are given by 

S 2(7797/bk) f(y/Vo)- (6) 


The dislocation energy y, in equation (6) is estimated 
by dislocation theory to be 


Vo Gb?/2 (7) 
Thus all quantities in equation (6) are known except y, 
the energy per unit length of a dislocation with a 
Cottrell atmosphere. Hence. equation (6) may be 
employed to calculate the numerical values of 

using the experimental values of S. For purposes of 


with results obtained by  Fisher,‘” 


comparison 
values of the quantity (1 ‘/y9) have been computed 
itself. 
Table 3. 


0.00373 by comparing his theory with 


/ 


The results of these calculations 
the 


instead of 


are given in Fisher’? obtained value 
— y/o) 
measurements of time for yielding‘” 


the delay 


in annealed specimens of the same steel as that 
also 


the investigation. He 


obtained an identical value from delay-time measure- 


employed in present 
ments"® made on another annealed low-carbon steel. 

This quantity, (1 y/V), is the ratio of the binding 
energy of a dislocation with an atmosphere to the 
total energy of a dislocation without an atmosphere. 
Cottrell") estimates the binding energy to be about 
O5eV per the 
The total energy of a dislocation without an atmo- 


atomic distance along dislocation. 


sphere is generally estimated"? to be of the order of 


5eV. Therefore, according to dislocation theory, 
the binding energy ratio should be 

(J ly 0.1 
Thus, the values obtained as a result of the present 


investigation as well as those obtained by Fisher are 
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significantly lower than the theoretical estimates. 
A tentative explanation for this discrepancy in 
the binding energy is as follows. Cottrell and Bilby’s‘® 
the that 


along dislocation an 


assumption 
the 
the 


estimate is based upon 


for every atomic length 


interstitial solute atom occupies position of 
maximum binding energy (directly below the center 
of the dislocation if it is an edge type). However, 
if the dislocation line does not happen to lie along 
certain special crystallographic directions in the slip 
plane, this condition may not be possible, because 
the solute atoms can occupy only certain interstitial 
sites in the lattice. Therefore, the distances of the 
interstitial atoms from the position of maximum 
from elasticity 


binding determined 


theory for a continuous medium) may vary from zero 


energy (as 


to about one-half the lattice parameter on either side 
of the Thus, the 


subjected to a stress which tends to move the dis- 


dislocation. when material is 
location, some of the solute atoms aid the first portion 
of the it. Also, the 


binding energy of a solute atom decreases rapidly 


motion, while others oppose 
as the distance of the atom from the position of 
maximum binding energy changes by amounts of the 
order of the lattice parameter. For these reasons it 
appears that the thermal activation energy required 
for the release of some of the dislocations from their 
atmospheres may be considerably less (at a given 
stress) than the value computed by Cottrell and 
Bilby.© A 
these effects has not been formulated. 

The above explanation of the low experimental 


quantitative theory to account for 


values of activation energy for release of dislocations 
from atmospheres of solute atoms does not conflict 
with the fact that Harper’s“*® measurements of the 
time for precipitation of carbon and nitrogen onto 
with Cottrell 


are in agreement 


The time for precipitation 


dislocations in iron 
and Bilby’s'® theory. 
depends upon the interaction of the solute atoms 
the field of the 


relatively large distances from the center of the dis- 


with elastic stress dislocation at 


location. This interaction is therefore independent of 
the details at the core of the dislocation. Furthermore, 
the precipitation times depend only upon the inter- 
action between individual solute atoms and the 
dislocation, while the activation energy for the release 
of a dislocation from an atmosphere depends upon 
the simultaneous interaction with many solute atoms. 

The reason that the apparent dislocation-atmo- 
1+150°F 


(+66°C) in this investigation is less than the value 


sphere binding energy ratio obtained at 


obtained at room temperature and lower may be 


related to the effects discussed above. Namely, 


Tas_e 3. Values of the bind 0) 
o) 
73°F 
76°F 
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the thermal 


the 


150°F 
interstitial 


be that, at (+66°C), 
of the 


atmosphere is sufficient to render the atmosphere at 


it may 


energy atoms comprising 


the dislocation core more diffuse than at the lower 


temperatures. Thus, by the arguments given pre- 


viously, the activation energy required for dislocation 


below. 


release would be less at a temperature of 
(+66°C) at 

A second explanation which might be advanced for 
L_150°F (+66°C) 


as compared with those observed at room temperature 


than room temperature and 


the microstrain rates observed at 


and below is that motion of additional dislocations 


mechanism other than 


Such 


is occurring by some by 
a mechanism 
their 

No 


reliable theoretical method for estimating the order 


break-away from atmospheres. 
the of 
atmospheres accompanying them by diffusion. 


might be motion dislocations with 


of magnitude of microstrain rates which might occur 
by this mechanism is known to the authors. 

This latter argument might also be advanced to 
explain the experimental observation that the total 
amount of pre-yield plastic and anelastic microstrain 
-150°F (+66°C) than at 


room temperature and below. However, this might also 


is considerably greater at 


be interpreted to mean that dislocations released 
from atmospheres move several times farther, on 
the at +150°F (+66°C) at 


temperature and below, prior to the onset of macro- 


average, than room 


scopic yielding. 


SUMMARY AND CONCLUSIONS 


The pre-yield plastic and anelastic microstrain 


resulting from a rapidly applied constant stress on 
annealed low-carbon steel has been investigated 
at three temperatures, 31°C), 
(+24°C), L150°F The 


that at the two lower temperatures the logarithm 


76 


and L6§6°C). results show 
of the initial rate of microstrain is inversely propor- 
tional to the product of the applied stress and the 
absolute temperature. This is in agreement with 
Fisher’s'” relation for the thermally activated release 
of dislocations from atmospheres of interstitial solute 
atoms which predicts that the activation energy for 
such release is inversely proportional to the applied 
At +150°F (+66°C) the initial microstrain 


rates also correspond to an activation energy which is 


stress. 


inversely proportional to the applied stress, within 
experimental errors. However, at this temperature 
the value of the proportionality constant is different 
than at the lower temperatures. The quantitative 
application of Fisher’s theory to the experimental 
results leads to values for the binding energy between 


a dislocation and an atmosphere of interstitial solute 
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atoms. These values are almost two orders of magni- 
tude less than the values estimated by Cottrell and 
Bilby ®) and Cottrell.2” An hypothesis is presented 
fol The 


release dislocation fre 


the 


account 
an atmosphere may 
of the 


the core of the dislocation, and this arrangement may 


which might this discrepancy 
ot Aa 


sensitive 


activation energy 


be to detailed 


solute atoms in the region of 


arrangement 
depend upon the crystallographic orientation 
might also | 


dislocation. Such an hypothesis 
temperature dependence of the activation ene 
release of a dislocation from the atmospher 
might explain the differences observed in 

150° F 66°C) 


with those at lower temperatures 


microstrain rates at 


The total amounts of pre-yield plastic and anela 


microstrain were also determined experimentally 


These 


ot 


are approximately the same at tem pel itures 
76°F 24°C) 
The agreement 


proposed 3 ot 


for a given 


) and 
with a 


a yield 


applied stress. result is in 


previously dislocation model 
However, the total pre-yield microstrain 
L50°F 
observed at 
that 
motion of dislocations prio! to macroscopi Vif lding is 
ol 150° RF 


und below 


nucleus 
is several times as great 
This 


the 


observed at 66°C 


that 


the lowe1 


additional 


temperatures 
for 


as 


suggests some mechanism 


at a 66°C 


involved temperature 


but not at room temperature 
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RESISTIVITY-TEMPERATURE-CONCENTRATION RELATIONSHIPS IN 
B-PHASE TITANIUM-HYDROGEN ALLOYS* 


THE 


S. L. AMESti and A. D. McQUILLAN?t 


has been made to test the tentative conclusion reached in earlier work on the resistiv ity 


}-phase titanium-niobium alloys that the extrapolated resistivity/temperature 


An atten 
composition curves 
relationship for unalloyed /-titanium at temperatures below the «-/ transformation temperature would 


pt 
tor 


havea form more to be expected from asemiconductor than froma pure metal. This has been done by means 
studies of /-phase titanium-hydrogen alloys in which resistivity measurements were made over 
a temperature range of C The form of the resistivity/com- 


position curves has precluded their direct extrapolation to zero hydrogen content except at temperatures 


of similat 
400-904 and at compositions up to TiH. 
only just below the transformation temperature, but a more detailed analysis of the experimental results 
has provided some basis for a not unreasonable extrapolation of the resistivity/composition isotherms 
at lower tempt ratures, and the results thus obtained agree qualitatively with those of the earlier work. 
The \ The present results indicate that at 480°C, 
below the . below 
the value of the resistivity immediately above the transformation temperature, and not by the 40% to be 


expected of a normal metal. 


alidity of the various assumptions made is discussed. 


}-titanium would have fallen only 2° 


transformation temperature, the resistivity of 


ELATIONS RESISTIVITE-TEMPERATURE-CONCENTRATION DANS LES ALLIAGES 
Ti-H EN PHASE 


On a tenté de vérifier la conclusion d’un travail antérieur sur les courbes résistivité-composition de la 


R 


LES 


phase / dans des alliages titane-niobium d’aprés lesquelles la relation résistivité-température extrapolée 


au titane-/ non allié a des températures inférieures a celle de la transformation «-/ correspondrait 
plutdt a semi-conducteur qu’a un métal pur. Ce travail a été réalisé grace a des études similaires d’alliages 


Ti-H en phase / pour lesquels des mesures de résistivité ont été effectuées dans un domaine de tempéra- 
tures allant de 400 & 904°C, et pour des compositions allant jusqu’aé TiH. 
La forme des courbes résistivité-composition n'a pas permis l’extrapolation au cas du titane pur sauf a 


Mais une analyse 


des ten itures se situant un peu en-dessous de la température de transformation. 


peri 
détaillée des résultats « xpel imentaux a fourni les bases d’une extrapolation raisonnable des isothermes 
résistivité-composition a des températures plus basses et les résultats obtenus sont qualitativement en 
La validité des hypothéses adoptées est discutée. 

qua de la de la 


, seulement de la valeur obtenue un peu au-dessus de la température 


accord avec ceux des travaux antérieurs. 


Les 


ivite du titane 


actuels montrent 480°C, en dessous température transformation, 


resultats 


>} tomberait a 2°, 


» transformation et non a 40°, ainsi qu’on devrait s’y attendre pour un métal normal. 


SAMMENHANG ZWISCHEN WIDERSTAND, TEMPERATUR UND KONZENTRATION 
IN DER f-PHASE VON TITAN-WASSERSTOFF-LEGIERUNGEN 


=R Zl 


> 


Es wurde versucht, die in einer friiheren Arbeit iiber die Wider-stands-Konzentrations-Kurven von 


\uffassung zu priifen, wonach die extrapolierte Temperaturab- 


Niob-Legierungen geausserte 
Widerstandes >-Umwandlung 
Halbleiter zu erwartende Diesem Zweck 


}-Titan-Wasserstoff-Legierungen, an denen Widerstandsmessungen 


tan 


eit des von unlegiertem Titan unterhalb der Temperatur der 


einen Form hat, als diejenige eines reinen Metalls. 
an 
$00) 


Untersuchungen 


cne 


peraturbereicl und 904°C bei Konzentrationen bis zu TiH durchgefiihrt wurden. 


r Widerstand-Konzentrations-Kurven 
| ausser fiir Temperaturen unmittelbar unterhalb der Umwandlungstemperatur nicht zu. 


1 zwischen 
direkte Extrapolation auf den Wasser- 


or! liess eine 


cle 
ehalt Nul 

ngehendere Analyse der experimentellen Ergebnisse schuf die Méglichkeit fiir eine sinnvolle 
Widerst deren 


it 


Temperaturen, 
Die der 


Konzentrations-Isothermen bei niedrigeren 


Arbeit 
diskutiert. 


de r and 


Extrapolation 
vel 


geht 


iibereinstimmen. Giltigkeit 
dabei Annahmen Aus 

hervor, dass bei 480°C, unterhalb der Umwandlungstemperatur, der Widerstand von /-Titan nur um 2% 

W iderstandswert der Umwandlungstemperatur liegt und nicht um 40°, 


es fiir ein normales Metall zu erwarten hat. 


Resultate qualitativ mit denjenigen der friiheren 


schiedenen verwendeten wird den vorliegenden Ergebnissen 


unmittelbar iiber 


INTRODUCTION the effects of niobium in the resistivity/temperature 


In an earlier paper,” the authors have communi- 


cated 
* Received February 


Now at 


results obtained during an investigation 


16, 1956. 
Research Department, 
Industries Ltd. (Metals Division 
Department of Physical 
Birmingham, England. 
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relationship of /-titanium which would suggest that 
the restivity of /-titanium, if it could exist below 
the transformation temperature, would not decrease 
with temperature towards zero resistivity at the 
absolute zero of temperature in the manner expected 


of a pure metal. Rather, it would appear that at 


hangigk 
eher di 
qaienten anni 
im Tempe 
Die 
Erst « 


AMES anp 


McQUILLAN: 


low temperatures the resistivity of f-titanium would 
increase with decreasing temperature in the manner of 
This 


surprising conclusion depended for its validity on a 


a semiconducting material. tentative and 


number of assumptions, the most important of which 
were first that the electrical properties of titanium-rich 
alloys could be simply related to the properties of 


pure titanium, and secondly that titanium-rich 


p-phase alloys retained in the metastable form by 


quenching from a high temperature were truly 


homogeneous body-centered cubic structures free 
from @ phase of the type described by a number of 
that the 


extrapolated resistivity/temperature relationship for 


workers.?: 3; 4) It is desirable, therefore. 


pure /-titanium at low temperatures should be 


checked by an investigation on another’ binary 
system of titanium, preferably with an element which 
has an electronic structure very different from that 
of niobium. This has now been done, using hydrogen 
as the addition element. 

From the experimental point of view, hydrogen is a 
particularly convenient alloying addition to titanium 
for this type of work, since the absorption of hydrogen 
by titanium is a readily reversible process at tempera- 
tures above a few hundred degrees centrigrade, and 
the composition of the resistivity specimen may, 
continuously varied after it has been 
the 


the hydrogen pressure within the system. A knowledge 


therefe re, be 


mounted in apparatus, merely by changing 


of the hydrogen pressure in equilibrium with the 
hydrogen dissolved in the specimen, and of the speci- 
men temperature, enables the 
hydrogen in solution in the titanium to be uniquely 
defined. The necessary hydrogen-equilibrium-pres- 


sure / hydrogen-concentration / temperature relation- 
ships in the system titanium-hydrogen have previously 
been given by McQuillan, and a few confirmatory 
experiments were sufficient to establish the fact 
that the relationships were valid for the sample of 
the Once 


the resistivity and temperature of the specimen, 


titanium used in present investigation. 
and the hydrogen pressure within the apparatus, had 
been measured, it was possible, therefore, to derive 
the resistivity/concentration/temperature relationship 
in the p-phase field of the titanium-hydrogen system. 

The use of hydrogen as the addition element, 
however, imposes some limitations on the scope of 
the work. The addition of hydrogen to titanium, as 
can be seen from the constitutional diagram presented 
in Fig. 1, stabilizes the 6 phase, but unlike the / solid 
solutions in systems of titanium with the transition 
elements which are of the same general form, it is not 
possible to retain the hydrogen-bearing / phase at 
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onstitu 


syste! 


room metastable condition by 


As may be 


at temperatures below the transformation 


temperature Il a 


rapid cooling from the }-phase field seen 


in Fic. 1, 


titanium (SS2.5°C), the range of 


temperature of 


hydrogen concentrations over which the / phase can 


exist diminishes progressively with decreasing tem 


perature until the eutectoid temperature is reached at 
about 300°C Below the eutectoid ho 
stable phases are the «-solid s« 

phase. Since it is necessary, in 
polation plays a 


the 


large part 


knowledge ol chang 


ot compositions, It onsidered 


alloys over a range 


that 


there was little point in obtaining result 


temperature much below 450*( it which tem} 


only ove the 


the ph ise is stable 


composit 


to 4S at pel cent hyd ven 


apparatus was constructed mainly 


and is, therefore, incapable of withstanding 


pressures greater than one itmosphere 


limited the range of and compo 


which the 


tempel 


ovel phase could ay investigated 


in which the hydrogen equilibrium pressure did 
exceed 760 mm of mercury 
interstitial solutio n fp 


Hydrogen forms an 


Nothing is at 


bonding petween 


known ot th mode 


hydro 


titanium 


pre sel 


of electronic the and 


the metal atoms with whit h they are associat put 


it would seem unlikely that the hydrogen atoms 


would be completely ionized It is much more 


probable that some form of weak bonding takes place 
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nd that the interstitial proton is almost wholly 


shielded by an associated electron. It is not possible, 


theretore, to predict at the outset the effect of dissolved 


hvdrogen on the resistivity of $-titanium, although it 
would be expected, on very general principles, that 
the presence of an almost completely shielded proton 
much 
that 


in the metal lattice would not give rise to 


scattering of the conduction electrons and 
\dditions of hydrogen would consequently not cause 
a marked increase in resistivity of the metal. As will 
be shown below, this prediction appears to be sub- 
unnecessary for 


detail the 


stantially correct. It is. however. 


our present purpose to understand in 


electronic structure of titanium-hydrogen solutions. 
that the modification of the 


It is sufficient to know 


electronic structure of titanium brought about by 


the introduction of hydrogen atoms into interstitial 
different 
from that produced by the substitution of the more 


sites in the titanium is likely to be very 
complex niobium atoms for titanium atoms in the 
metal. In fact. one of the main advantages of using 
hydrogen as an addition element is that, should the 
the 


curve of /-titanium obtained from the present work 


form of extrapolated resistivity/temperature 
resemble that deduced from the results of the titanium- 
niobium investigation, the great dissimilarity between 
the the 


validity of our conclusions. 


two systems would enhance our belief in 


EXPERIMENTAL PROCEDURE 


The apparatus used in this investigation was a 
modified form of that used in the previous investi- 
gation of titanium-niobium alloys.“) The modifica- 
tions consisted of the addition of a vacuum tap which 
permitted the silica tube in which the specimen was 
isolated from the 


situated to be pumping system, a 


means of generating pure hydrogen within the 
apparatus, and manometers for measuring the hydro- 
gen pressure in the closed system. The pure hydrogen 
was produced by heating hydrogen-saturated titanium 
This 


method of preparation has the advantage that the 


chips in a side tube attached to the system. 


hydrogen so produced is of very high purity and also 
that any desired pressure of the hydrogen generated 
obtained by control of the temperature in 
The within the 

with dibutyl 
phthalate (density 1.045 g/em” at 20°C) or a mercury 
so that the 


can be 


the hydrogen generator. pressure 


apparatus was measured either a 


manometer. pressures within range 0.2 


to 760 mm of mercury could be accurately determined. 
that 


atmospheric pressure, one arm of each manometer 


In order readings should be independent of 


was continuously evacuated. 
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Only a single titanium specimen was used for 
the whole range of hydrogen concentrations studied, 
since its hydrogen content could be continuously 
varied by increasing the amount of hydrogen in 
the closed system surrounding the specimen, equili- 
and hydrogen 


between hydrogen 


the 


brium gaseous 
being established almost 


The 


2-mm 


dissolved in titanium 
instantaneously at temperatures above 500°C. 
the of a 


length, fabricated 


specimen, which was in form rod 


diameter and 4-cm was from a 
piece of iodide-refined titanium specially selected 
for its high purity (as evidenced by the fact that 
the x-( transformation occurred within a temperature 
2°C). 


leads to the specimen were made from titanium in 


interval of only The current and potential 
order to eliminate the possibility of contamination 
of the specimen from this source at high temperatures. 
The current leads served the additional purpose of 
clamping the specimen to two rods of molybdenum 
which acted as electrical conductors, and also posi- 
tioned the specimen rigidly within the silica tube 
and prevented it from coming into contact with 
the walls. Molybdenum was chosen for the current- 
carrying supports because of its high rigidity at 
elevated temperatures and also because it does not 
absorb hydrogen. 

The resistance of the specimen was measured using 
a double-balance bridge of conventional design. 
By determining accurately the specific resistivity of 
the unalloyed titanium before mounting the specimen 
in the apparatus, it was possible to relate subsequent 
the 
In doing this, however, no account could 


changes in specimen resistance to changes in 
resistivity. 
be taken of the unknown dilation of the specimen 
with changes in temperature and hydrogen concen- 
tration, and values quoted for the resistivity of 
p-phase alloys at high temperatures and hydrogen 
concentrations will, therefore, be slightly in error 
because of these effects. 

In the earlier resistivity work, the silica sheath in 
which the specimen assembly was inserted was 
continuously evacuated during the whole course of a 
high-temperature experiment. Since hydrogen can 
elevated 
for the 


present work to close the system after the preliminary 


be readily pumped out of titanium at 


temperatures, however, it was necessary 
evacuation, and much greater care had to be taken 
to ensure that before closing the system the internal 
surfaces of the system were degassed to such an extent 
that no significant quantity of contaminating gas was 
In addition to the 


silica specimen tube, which could be outgassed fairly 


liberated during the experiments. 


simply by heating to 900°C, the system necessarily 
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included such features as vacuum taps and mano- 
meters, which present more formidable problems. 
The only way, in fact, in which a sufficient degree of 
outgassing could be achieved was by holding the 
whole system at a pressure of at least 10-6 mm of 
mercury for a period of two weeks. Filling of the 
manometers, which was carried out after this treat- 
ment, was done by distilling the liquids into the 
manometer tubes in order to remove from them any 
might otherwise be liberated 


dissolved air which 


during subsequent use. During the degassing treat- 
ment, the vacuum taps were turned periodically in 
their sockets to allow air dissolved or entrapped in 
These 
precautionary measures were judged to have been 
the after 
of of 


the gas pressure in the apparatus did not rise beyond 


the silicone-tap grease to be pumped away. 


satisfactory when, on closing system 


evacuation to a pressure mercury, 
10-4 mm of mercury in the course of several days. 

Since, as already mentioned, hydrogen can be 
easily removed from solution in titanium by exposing 
the heated metal to a high vacuum, there are many 
advantages in first producing a specimen containing 
the maximum amount of hydrogen required in the 
projected experiments and subsequently reducing 
the hydrogen concentration to the series of required 
levels by pumping away known amounts of hydrogen 


This simplified the experimental procedure and had 


the further advantage that it reduced the number of 


that the within the enclosed 


system had to be turned, and thus reduced the chances 


times vacuum taps 
of specimen contamination due to gases liberated from 
the 


since the tap connecting the system to the pump was 


disturbed vacuum-tap Furthermore, 


grease. 


opened only to remove hydrogen, any gases liberated 


during the operation would tend to be carried out of 


the system in the hydrogen stream. 

Titanium hydride (the y phase in Fig. 1) is extremely 
friable, and the presence of appreciable amounts of 
this phase in the specimen or in the titanium current 
and potential contacts renders them particularly 
liable to fracture by accidental mechanical shock. 
Once hydrogen had been introduced into the specimen 
and contacts, therefore, their temperature was never 
allowed to fall sufficiently for the material to enter a 
phase field in which titanium hydride is stable. In 
order, however, to reduce the amount of contamina- 
tion suffered by the specimen during the course of 
the whole investigation, the specimen temperature was 


kept as low as possible within the limits imposed by 


this consideration during the times when no measure- 
ments were being taken. 
By observing the above-mentioned precautions, the 
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amount of contamination suffered by the specimen 


was small. It was possible to estimate its extent by 
comparing the resistivity-temperature curve of th 
original hydrogen-free metal with the similar curve 
after the 


and all 


removed from the material. No 


obtained major experiments had_ been 


completed traces of hydrogen had been 
change had ecurred 
in the resistance of the specimen at any temperature 
other than that immediately above the transformation 
Although, in its final 


specimen exhibited a sharp decrease in 


condition the 


temperature. 
resistal 
passing through the normal transformation temper 


ture, the resistance-temperature curve 


exactly reproduced at temperatures immediately 
this point In its final condition, therefore, the great 
part of the material of the specimen appeared to 
transform at the expected temperature, but the 
rounding of the initially sharp discontinuity in the 
resistance-temperature curve on the side of the trans 
that an oxygen-contaminated 


formation indicates 


layer must be present on the specimen, causing this 
part of the specimen to transform from the « to the / 
form at a higher temperature than the pure metal 
The occurrence of superficial contamination on this 
scale was not unexpected, and had been largely offset 
he resistance ot 


by choosing a thick specimen, on t 


surface contamination would have relatively 


effect 
the 


results obtained at temperatures within 20°C of the 


which 


little except at temperatures immediately 


above / (aK p) boundary If, therefore, all 


(a )) boundary are rejected, no ipprecia ble 
been introduced into the 


would seem to have 


the 


errol 


results by small surface contamination of 1e 


specimen. 


l 


Since the pressure of the gaseous hydroget 
in equilibrium with that dissolved in the 
varies with specimen temperature, the 
free hydrogen present in the apparatus is also 
ture-dependent, and will be greater a 

tures, where the equilibrium pressure is 


The total 


and free hydrogen present in the 


amount 


apparatt 


investigatilo 


lowel temperat ures 


resistivity/temperature 


the 


any one 


however, a constant, and fraction of thi 


hydrogen which is in solution in the metal 


therefore, decrease progressively with 


specimen temperature Const quently, the resistivit\ 


temperature curve obtained directly from an experi 


mental run does not represent the relationship for 


constant concentration in the specimen. By measuring 
the hydrogen pressure within the apparatus simul- 
taneously with specimen resistance and temperature, 


however, it is possible to relate the measured resistance 
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on, 
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at. fraction 


oncentration isothermal curves of 


hase titanium-hydrogen alloys. The broken lines represent 


ar extrapolation of the curves towards pure titanium and 


‘al saturated alloy having a composition 
ula TiH. The isothermal tempera 


the hvdrogen con- 


vards the hypothet 


es centigrade, an 


and subsequent figures are expressed in 
the number of hydroge1 


atoms in solution 


of the specimen to its hydrogen concentration by 


making use of the known pressure/concentration 


temperature relationships for the p phase in the 
hvdrogen-titanium sy stem‘? This is done by reading off 
from the families of smooth curves representing the 
hydrogen concentration/temperature relationships and 
the resistivity/temperature relationships, hydrogen 
concentration and resistivity values corresponding to 
iny particular temperature. Resistivity/composition 
isothermals can then be plotted. 


DISCUSSION OF RESULTS 


The family of isothermal curves for f-phase 


titanium-hydrogen alloys, constructed as described 


in the previous section, are shown in Fig. 2. In order 
to obtain the desired information on the probable 
form of the resistivity/temperature curve of pure 
/-titanium in the temperature range below the «-/ 
transformation, it is necessary to be able to extra- 
polate the isothermal resistivity/concentration curves 
of Fig. 2 to zero hydrogen concentration. Since these 


are markedly curved at least over part of the con- 
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centration range in which they have been determined, 
no simple extrapolation to zero hydrogen concentra- 
tion is possible, and it is necessary, therefore, first to 


develop a theoretical interpretation of their form. 


The Form of the Resistivity/Composition Curves 

The effect of the addition of small quantities of 
hydrogen on the electrical resistivity of /-titanium 
can be considered to be due to a combination of 
two separable factors: 

1. Seattering of the conduction electrons due to 
the introduction of additional scattering centers. 
Possible changes in the electronic structure of 
the titanium as a result of the presence of the 
interstitial hydrogen. 

Ignoring, for the moment, possible changes in the 
the 


hydrogen, the solution of a small quantity of hydrogen 


electronic nature of titanium on addition of 


in titanium can be regarded as the introduction of a 


random arrangement of new scattering centers, 
and will, therefore, increase the resistivity of the 
material. Since the hydrogen atoms occupy inter- 
stitial the lattice, the 


of dissolved hydrogen atoms to the resistivity of 


sites in metal contribution 
the solid solution will not obey the parabolic law 


characteristic of substitutional solid solutions, but 
will be directly proportional to the amount of hydro- 
gen in the metal. That this appears to be the case 


can be seen in the 904°C isotherm of Fig. 3, in which 


the resistivity of /-titanium is seen to increase 


linearly with increasing hydrogen concentration 
up to about Til, ». 

The experimental results show, however, that at 
hydrogen concentrations greater than TiH, ., further 
additions of hydrogen give rise to a rapid decrease 
This fact 
follows. The hydrogen pressure/concentration curves 


of McQuillan for the 
titanium system'*) show that the hydrogen equilibrium 


in resistivity. can be accounted for as 


p phase in the hydrogen- 
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Fic. 3. The postulated contribution of solid-solution 
seattering to the resistivity of 
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pressure increases very rapidly for small increases which the atomic fraction of hydrogen in the material 
in hydrogen concentration as the hydrogen concen- is less than unity. The 1 of increase in resistivity 
tration approaches the limit of solubility of hydrogen of the saturated hydrogen solid solution when 
in /-titanitum. From the form of these isothermal hydrogen is removed will not in general be equal to 
curves it would seem that, even in the absence of the rate of increase in resistivity of pure /-t 
the hydride phase, the # phase would be unable to when small quantities of hydrogen are dissolved 


take into solution more than 50 at. per cent hydrogen. the metal, since the degree of scattering produced by 


If, following Hagg, it is assumed that a dissolved hydrogen atom will be different from, and probably 


hydrogen atom will occupy a tetrahedral interstice greater than, that due to a vacant interst 

in the body-centered cubic titanium lattice, then in an otherwise h’ gen-saturated so 

there are six interstices available for occupation the absence of effects due to electronic chan 

by hydrogen for each titanium atom in the metal. metal atoms, the basic shape of th« 

Since it would appear that no further hydrogen can concentration curves can therefore b 

be dissolved in f-titanium once the composition has to result from the combination of two strai 

reached the value corresponding to the formula TiH, of opposite, but not equal, slope 

it must be assumed that at saturation only one of the The form of the family of curves presented it 

six possible interstices is occupied, and the presence — especially that of the 780°C isotherm which cov 

of a hydrogen atom in a particular interstice renders widest composition range, conforms well with this 
the remaining five adjacent inoperative. A hydrogen requirement and suggests that the superimposed 
atom in solution in / titanium must, therefore, exert a effect due to electronic changes in the metal brought 
repulsive force on other dissolved hydrogen atoms about by the introduction of hydrogen into it varies 
if these approach within a distance of about one — linearly with hydrogen concentration.* Furthermor« 
atomic spacing. When the metal is saturated with the linear nature of the two branches of the curves 
hydrogen, this repulsive force between adjacent permits simple extrapolation in all cases in which a 


great proportion of either branch can be 


hydrogen atoms will, in all probability, bring about sufficiently 
an ordering of the hydrogen atoms on the available determined experimentally. Thus the 838° and 780°C 
sites, and the lattice would, in this condition, have isotherms can be extrapolated to zero hydrogen 
perfect periodicity; the hydrogen would thus make content, and those at 780°C and below to the com 
no contribution to the resistivity due to solid-solution position TiH. When these extrapolations are carrie 
scattering. In the absence of electronic effects in out it becomes apparent that a large electro 
the titanium due to the presence of dissolved hydrogen, change must indeed take place in the meta 
therefore, the resistivity of the /-phase solution of addition of hydrogen, since at any given tempet 
composition TiH would be expected to be almost equal the resistivity of the f-solid solution of compo 
to that of the pure metal. equivalent to TiH is appreciably less than 

The linearity of the resistivity/concentration curves pure f-titanium. This is particularly cle 
at the hydrogen-rich end can be considered in terms 780°C isothermal, the only one in which extt 
analogous to those used in discussing the dilute jn both directions is possibl 
titanium-hydrogen alloys. If a small quantity of At the present stage of our knowledg 
hydrogen is removed from the ordered, saturated electronic structure of f-titanium little car 
B-phase solution, the periodicity of the lattice will be about the nature of the electronic changes 
destroyed by the presence of vacant interstitial sites occur when hydrogen is dissolved in the 
previously occupied by hydrogen atoms. There is Immediately above the transformation ten 
no reason to suppose that the vacant sites produced the resistivity of §-titanium is an order ¢ 
by the removal of a small part of the total hydrogen greater than would be expected of 
content of the material would not be arranged in a_ at this temperature. Furthermore 
random manner throughout the metal, and it would = eoefficient of the resistivit. 
be expected, therefore, that reduction in hydrogen temperature is abnormally 
concentration below TiH would bring about an resistivity with temperature due to therma 
increase in the resistivity of the /-phase solution. must therefore be almost completely « 
Again, since the scattering centers are interstitial, for by a decrease in resistivity witl 
the increase in resistivity will increase linearly with 
the number of vacant sites, that is to say, the increase 


in resistivity will be proportional to the amount by 


‘ it @ 
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erature brought about by a thermally activated 
the 


in the 


i} 


process which increases number of effective 


onduction electrons metal. Since /-phase 
titanium-hydrogen alloys having hydrogen contents 
n the region of the composition TiH exhibit a lower 


resistivity and a much higher temperature coefficient 


than f-titanium, it would appear that the addition of 


}-titanium anomalous 


hydrogen to destroys the 
] 


electrical behavior the 
Furthermore, it would appear from the 


exhibited by metal at low 


temperatures. 
form of the family of curves presented in Fig. 2, that 
the disappearance of abnormal electrical resistivity 
effects in #-phase titanium-hydrogen alloys is pro- 
portional to the amount of dissolved hydrogen, and 
that the transition from abnormal to normal conduc- 
tion is a gradual process which takes place over the 


whole range of compositions from Ti to TiH. 


The Re sistivity of p- Titanium 
The linear extrapolation of the resistivity concen- 


tration curves, in accordance with the earlier dis- 


cussion, gives values for the resistivity of unalloyed 


)-titanium only down to 780°C, since at lower 


temperatures no experimental data are available 
at sufficiently low hydrogen concentrations to 
indicate the slope of the titanium-rich part of the 
curve. Thus from these results it is only possible 


to extend resistivity/temperature curve of 


}-titanium from 882.5° to 780°C, which is insufficient 
to provide a satisfactory check on the findings of 
the The 


interesting aspect of the results on titanium-niobium 


earlier work on titanium-niobium. most 


allovs, however, was the implication that at lower 
temperatures the resistivity/temperature curve would 
not fall as for a normal metal, but instead rise again 
with decreasing temperature below 200°C. 

The present results can be made to yield no direct 
but if the 


electronic-structure 


information on this point; conclusion 
the effect of the 


is a linear function of hydrogen content is accepted 


that change 
and it is assumed, furthermore, that the resistivity 
contribution of solid-solution scattering is substantially 


independent of temperature, it is possible to construct 


an approximation to the low-hydrogen section of 


isothermals at below 


the resistivity temperatures 
780°C from the experimentally determined sections 
at higher hydrogen concentrations. The contribution 
of changes in the number of scattering centers alone 
as a function of hydrogen content is first determined 
by subtracting from the resistivity values given by 
the 780°C isotherm the resistivity contribution due 
to the electronic effect alone. The latter is obtained 


for each hydrogen concentration by drawing a 
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straight line between the extrapolated values of 
the resistivity for unalloyed /-titanium and for the 
alloy of composition TiH at this temperature. On 
the assumption that effects due to the presence of 
additional scattering centers are unlikely to be very 
strongly temperature-dependent, the resultant con- 
tribution, Ap, due to solid-solution scattering alone, 
plotted against hydrogen concentration in Fig. 3, 
can be considered to be representative of all tempera- 
tures, and the subtraction of Ap from the experi- 
mentally determined resistivity isotherms for lower 
temperatures should therefore yield the resistivity 
contribution due to electronic changes as a function of 
hydrogen concentration for these temperatures. 
If the various assumptions made are valid, this 
relationship should be linear, and it is, in fact, found 
to be so, although the significance of this result is less 
striking than it might otherwise seem, since it 
arises, over much of the hydrogen concentration 
range, from the difference between two linear functions. 
Nevertheless, at hydrogen concentrations of about 
50 at. per cent, where the functions subtracted are not 
linear, the linear nature of the resistivity-difference 
hydrogen-concentration relationship persists, and 
some support is thus obtained for the assumptions 
made. 

For any temperature, once the resistivity con- 
tribution due to electronic changes has beendetermined 
as a function of hydrogen content for the composition 
range over which experimental resistivity measure- 
the of the 


relationship permits extrapolation to zero hydrogen 


ments have been made. linear nature 


The resistivity value thus obtained is that 
the 


content. 


which would have at 


unalloyed /-titanium 
temperature concerned if it in fact existed at this 
temperature. 

The resistivity 
obtained the 
Fig. 2 both by direct extrapolation and by the indirect 


values obtained for /-titanium 


from series of isothermals given in 
method outlined above are plotted against temperature 
in Fig. 4, 
determined 
sample of titanium studied at temperatures above 
that of the The 

form of the resistivity/temperature curve for the / 


which also includes the experimentally 


resistivity/temperature curve for the 


transformation. probable 


form of titanium at temperatures below the trans- 
formation temperature can therefore be dotted in. 

Direct comparison between these results and those 
obtained in the work on titanium-niobium alloys 


is not method of 


possible, since no satisfactory 
extrapolating the S-shaped isothermal resistivity 
titanium-niobium 


Bro vadly, 


composition curves in /-phase 


alloys to zero niobium content was found. 
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Fic. 4. 
temperature 
including extrapolated values for the resistivity of 


The complete family of 
curves of 


resistivity/concentration 


p-phase titanium-hydrogen alloys 


alloys of low-hydrogen concentration obtained by making 


use of the scattering relationship shown in Fig. 3. 


however, the earlier results indicated that the resis- 
tivity of /-titanium would not decrease very markedly 
from the transformation temperature down to 200°C 
and that below this temperature it would increase 
The 


obtained in the present work are, therefore, consistent 


rapidly with decreasing temperature. results 
with those obtained in the earlier work in that the 
extrapolated resistivity decreases only by a few 
per cent of its value at the transformation temperature 
The 


of the low-temperature resistivity/temperature curve 


between that temperature and 400°C. forms 


of /-titanium derived from two such dissimilar 


the 
hydrogen systems are, therefore, in general agreement. 


systems as titanium-niobium and_ titanium- 


The only alternative to accepting the validity of the 


extrapolated resistivity/temperature curve for /- 
titanium shown in Fig. 5 is to assume that the effect 
of adding relatively small amounts of either niobium 
or hydrogen to /-titanium at temperatures in the 
neighborhood of 400°C is to cause its resistivity 
to increase by a very large amount, whereas the addi- 
tion of the same amount of these elements to titanium 
has been 


above the transformation temperature 


shown to give rise only to comparatively small 
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resistiv it\ changes The authors 


most likely to prove 


assumption is 
It should, 
suggestion 


the 


however. be stressed that 


that f-titanium, if it could 


transformation temperaturt would 


be a semiconductor, but only that its 


would not approach a zero value at the 


temperature If the metal were a semicon 


very small amounts of addition elements 


serve to destroy the semiconducting propert 


the material, and since this has been shown not 


the case. the anomalous electrical behavio 


f-titanium cannot be attributed to the existence of 


simple energy gap in the conduction band of electrons 
is perhaps more akin 


In this behavior 


to that of 


respect, its 
7-manganese!? than to that of true 
semiconductor 


At the 


physical 


present state of our knowledge of th 


properties of -titanium and phase 


titanium-rich alloys it does not seem possible to form 
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any clear picture of the way in which the electronic 


structure of these materials differs from the accepted 
There is, 
this 


picture of metallic electronic structures. 
therefore, a further 
problem, and it is hoped that when, in the future, 


need for much work on 
results obtained by examining other physical proper- 
ties of titanium-rich alloys become available, the 
cause of the anomalous behavior of /-titanium will be 


clarified. 
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AN X-RAY INVESTIGATION OF THE STRUCTURE OF LIQUID MERCURY 
AND LIQUID MERCURY-THALLIUM ALLOYS* 


R. E. SMALLMANY} and B. R. T. FROST? 


Intensity and atomic-distribution curves have been determined for puré 
mercury-thallium alloys at a constant temperature of 17°C 1°. The intensity 
a Geiger-counter diffractometer, display highest and sharpest peaks on the first intert 
the alloys corresponding to the compound composition together with a significant alterat 
atomic distances. 

Fourier inversion of the intensity data to give atomic and electronic distribution funct 
formed. The values of co-ordination number and closest distance of approach for the fiv 
agreement with the indications of the intensity curves alone. In general, the diffraction 
there is a more orderly atomic arrangement in the liquid at a compound compositio1 


composit ions. 


ETUDE AUX RAYONS X DE LA STRUCTURE MERCURE LIQUIDE 
ET DES ALLIAGES LIQUIDES ME .E-THALLIUM 
Les courbes d’intensité et de distribution atomique ont été déterminées pour le mere 
alliages mercure-thallium a la ternpérature constante de 17°C l Les courbes d inté 
l'aide d'un diffractométre & compteur de Geiger, révélent des pics plus éle\ 
premiers maxima dinterférence dans le cas d’alliages dont la teneur élémentair 
a celle du composé défine. 
En méme temps, une variation importante des distances interatomiques est observé« 
On a effectué inversion de Fourier des intensités pour obtenir les fonctions de distribut 
et électronique. Les valeurs du nombre de coordination et de la plus courte distance d 
les cing liquides sont seulement en accord avec les courbes d’intensité 
En général, les données de diffraction suggérent l’existence dans le liquide 


plus ordonné pour la composition correspondant a la combinaison interméti 


EINE RONTGENUNTERSUCHUNG UBER DIE STRUKTUR VON FLUSSIGEM QUECKSILBER 
UND FLUSSIGEN QUECKSILVER-THALLIUM-LEGIERUNGEN 


An reinem Quecksilber und vier fliissigen Quecksilber-Thallium-Leg 
Temperatur von 17°C 1° Intensitatsund Atomverteilungs-Kurven besti 
die unter Verwendung eines Zahlrohr-Goniometers gewonnen urden, 
ausgepragten Anderung der Atomabstande—die héchsten schar 
Interferenz-Maxima der Legierungen, die der Verbindungszusa1 

dem wurde eine Fourier-Analyse der Intensitatsdaten, aus der 

funktionen erhalt, durchgefiihrt. Die Werte der Koordinat 
zwischen den Atomen stimmen fiir die fiinf Fliissigkeiten 
Intensitatskurven allein schon zu entnehmen sind. Ganz allg 


dass im fliissigen Zustand bei Zusammensetzungen, die ein 
Atomverteilung vorliegt als bei anderen Zusammensetzungen 


1. INTRODUCTION mercury-thallium was examined. The 
Much evidence exists to indicate that intermetallic this choice were as follows 
compounds retain some of their solid state character- i) The system contains an intermetallic 


istics on melting, particularly where there is a high g-Tl, (see Fig. | 


electrochemical factor between the two components.) ii) Reliable thermodynamic data 


This has a marked effect on physical properties, e.g. have been published. %: 4 


electrical conductivity shows a minimum at the iii) In the region of interest (0-40 
compound composition. Further evidence about are all liquid at room temperature 
the nature of such liquids may be expected to be the melting point of Hg,;Tl, (14.5°C) is convenient 
gained from X-ray diffraction. Accordingly, as the for making measurements at room temperature 
first phase of an X-ray study of liquid-alloy systems iv) Mercury and thallium are adjacent in the 
containing intermetallic compounds, the system Periodic Table, so that their scattering factors for 


X-rays are almost identical, and 


* Received February 16, 1956. proceed as for a monotomic liquid 
+ Metallurgy Division. Atomic Energy Research Establish- 
ment Harwell, England. 
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(v) Two previous X-ray investigations 


n 13 1 
iquids a 
it. ot r 
pit sur 
‘mort 
lie 
A 
inge} irden } nstante 
! t. Die Intensitatskurven, 
ng ents] \ 
ind | 
nd \ 
™ 
is den Beugur ! 
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Temper ature 


Fic. 1. Equilibrium diagram of the system 


mercury-thallium from Hansen. 


made. one showing a double 


first 


svstem have been 


maximum on the intensity peak" and one 


(6) 


showing a single maximum. 


2. EXPERIMENTAL 

A. (a) Method. 
important to obtain precise intensity data up to large 
The the 


photographic measurements is not much less than 


Previous work has shown it is 


diffraction angles. error of most refined 


5°... and errors of the order of 10°, and more are 


common at low intensity levels. This places an 


intolerably low limit on the precision with which 
Fourier inversion of data to give the radial distribution 
function can be computed. To increase the precision 
in the present work, a bent crystal monochromator 
used in conjunction with Bragg-Brentano 


Was 


focusing and a Geiger-counter detector giving an 


estimated accuracy of 1 or 2°, in intensity. 
1h) The holder. This 


mild-stee] plate 1} } in., in 


consisted of a 


Spe cime di 
which was 


milled a channel 1 1} gzin. Cellophane, 


0.001 in. thick, reinforced by mica, held the liquid 
while the cell was mounted vertically on the axis 
of a diffractometer. Water-cooling coils were soldered 
the cell to 


the liquid at a constant temperature of 17 


maintain 


The alloys of mercury 


to the back of rectangular 

c) Preparation of specimens 
thallium were made from Johnson Matthey triply 
distilled mercury and spectroscopically pure thallium. 
Oxidation of the thallium was prevented by weighing 
and handling in a dry-box containing an atmosphere 
of pure argon. Estimation of the thallium content 
was made by freezing the alloy and comparing the 


temperature of freezing with the equilibrium diagram, 
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Fig. 1. 


to the compound Hg,;Tl, with estimated thallium 


Two alloys near the composition corresponding 


contents of 34°, and 30°, thallium respectively, and 
the low thallium (8.5°,) and high thallium (40°) 
eutectic alloys were prepared. 

B. Procedure 


50 kV peak and monochromatized by a lithium fluoride 


Copper Aa radiation generated at 


crystal (to minimize harmonics) was used throughout 
at 30 mA. 


every } made at 
specific angular settings of the Geiger counter to 


Measurements were 
avoid distortion introduced by the use of a counting- 
The reflected 


the counter through a slit subtending an angle of 


rate meter. focused beam entered 


20 min of are in 7 at the center of the diffractometer, 
the 8.6em. The 


for a constant time 


radius of which was count was 
recorded on a scaling unit, not 
but for a standard monochromatic X-ray output 
from the X-ray set as measured on a second monitoring 
counter, and was corrected for losses in both counters. 
Frequent checks on the stability of the monitoring 
were made. 
3. INTERPRETATION 

(a) X-ray theory. Two methods are available 
for analyzing experimentally determined intensity 
data: 
The 


Debve’s work!” 


the radial and electronic distribution methods. 


radial distribution function is derived from 


to give the Zernike-Prins formula* 


p(r) 


1) sin Sr dS (1) 
for monatomic liquids. Here p(r) is the number of 
atoms per unit volume at a distance r from a reference 
atom, and 47r%p(r) is the number of atoms contained 
in a spherical shell of radius r and thickness dr, 
S 7 sin 6/2, py is the average density of the liquid 
in atoms per unit volume, and J/N is the coherent 
scattered intensity in electron units. In_ recent 
years it has been pointed out by Finbak‘*) that in 
atomic-distribution analysis undue weight is assigned 


to experimental intensities at higher angles because of 


function, 


the presence, in the S - i(S), i.e. s| 


of the factor 1/f?, which increases rapidly with angle. 
Thus, small errors in the intensities at high angles, 
which is the region where experimental inaccuracy 
is largest, have a large influence on the integration. 
electronic radial distribution 


Finbak defined an 


function, o(7), in terms of the probability o(r) dr 
of one electron in an atomic system being found at a 


distance between r and r dr from another electron. 


* A simple derivation of this formula is given in the review 
by Gingrich.”? 


2 
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The difference between the actual 


electrons in the sample and the mean density is 
given by 


const. 7 


Nf?) sin rS dS 


which differs from the corresponding atomic dis- 
tribution function by the omission of a 1/f? term. 

If, in a liquid consisting of two kinds of atom, 
the coherent scattering of both is very nearly the 
same, e.g. mercury and thallium, or if the coherent 
scattering of one is negligibly small, the analysis of 
the data may proceed essentially as in the case of a 
monatomic liquid without serious error. However, 
when the liquid alloy contains atoms of widely 
different scattering power, the different contributions 
of each kind of atom must be taken into account 
(b) Analysis of results. Before the function 4zr*p(7 


can be determined, it is necessary to evaluate the 


l sinrS dS. In practice, how- 


integral s{ 


Nf? 
ever, there is a limit of range of S values ove: which 
diffraction data can be obtained; for the experiments 
S ~1A— to 74-1. Thus, 
some form for i(S) is assumed in the range 0 
S< oo, the 


described this is unless 


and _ integration cannot be 


carried out. The extrapolation of the range to zero 
is relatively sound, since the function Si(S) tends 
The 


possible error obtained by analyzing the data from 


rapidly to zero without fluctuation in sign. 


the 30°, thallium alloy with and without this low- 
angle extrapolation was found to be relatively small 
(see Fig. 5). 

The elimination of the finite upper limit is much 
more difficult to deal with, since any extrapolation is 
unsound due to rapid fluctuation in the Si(S) curve. 
If the series is terminated at S = S,,,., the effect is 
to introduce subsidiary maxima to the distribution, 
either 
details 


which appear at approximately 27/S,,,, on 


side of the main peaks. These subsidiary 
are noticeable in the distribution curves given later 
Such false 


detail may be minimized by multiplying the integral 


(see, for example, Fig. 3 for mercury). 


of equation (1) by a modifying function. Discussion 
of suitable modification functions has recently been 
made by Waser and Shoemaker," but the “arbitrary 
temperature factor,” exp (—a -S*), first introduced 
by Bragg and West,“ appears to be the most suitable. 

The Geiger-counter intensity results, after sub- 
the 


corrected for absorption in the cellophane window 


tracting cellophane scattering intensity, are 


and for polarization" of the X-ray beam both by 
monochromator and sample. The resulting intensity 


4 


distribution of 
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versus sin 4/A curve is then corrected for incoherent 
scattering and matched at high diffraction angles to 
The standard 
detail by Warren! 


Gingrich") was adopted for this conversion 


give the intensity scale in electron units 


procedure described in and 


4. RESULTS 


a) The inte nsity function Fig ~ shows the intensity 


versus sin 4 7, curves for the five curyv-ri iquids 


expressed in electron units The tter) 
in all cases consists of three diffuss 
Intensity 


The three pe 


values 0.188. 0.36 


with 


at sin 4/2 equ 
recent values obt 


0.1904 


0.185. 0.365 


which compare well 


diffraction 0.361 
LVS 14 
position of the first of the bands fo1 each of the 


Table 1. It is 
the 


neutron 


and 


examined is shown in not POSSIDLE 


to obtain an absolute value of interatomi 


distance directly from the intensity curv but 


nevertheless it is possible to bracket it 
The interatomic distance dy given in Table | 


corresponding to the first peak calculated the 


oo law However, since there is 


rep ating lattice in the liquid this law cannot st 
two dittra 


the extreme case of only 


the 


apply. In 


Lo 


centers diffraction 


1\3 


maxima occul 


2d or Sd. sin where d, 


Thus ro! 


will be inter 


the distance between diffracting centei 
real liquid the correct lattice dist 
and d,. Th 


atom to mercur, 


mediate between d addition thre 


B 


larger thallium 


Increases 


value, but the change does not obe \ 


position-size relationship since tor mercur 


and for thallium”@® d,, 2.78 


The intensity values obtained for the five 


of interest. as the results were determined 


stant temperature ilthough the 


the same thermal energy, 


are significantly ditferent vary 6200 « 


for the low-temperature thallium eutec » 9600 « 


for the compound composition Tl half-peal 


width of the first diffuse band is als 


intensity 


V( ricti 
A 4 
le iit 
n 
| 
the peak iIntensit 
| <2 t 
Ho 0.188 
He/8.5 7 0.188 
He/34 T 0.184 
| 


.GIC: 1956 


i! 


for 


Zero for O% T!| 
Zero for 8:5%. T 


4 


Url 


adial distribution curve for pure 


reury 


. 6/7 for the five mercury-rich liquids. 


being more than 50°, wider for the pure mercury 


and low-thallium-content eutectic than for the liquid 
of the compound composition. The variations both 
in width and intensity appear to depend on the 
above the thus, an 


temperature melting-point; 


8.5°, thallium alloy, which has the lowest melting- 
point, gives the lowest intensity and widest peak, 
while a 30°,-34°, alloy gives a high intensity and a 
narrow peak. 

b) Radial distribution analysis. The 


tribution function 477r*p(r) is such that p(r) gives 


radial dis- 


the number of atoms between 7 and 7 dr and is 


greater than 477*p, at regions where the density is 
creater than average. The existence of oscillations 
in this function indicates a tendency for the atoms 
to arrange themselves so that certain interatomic 
distances are preferred. 

The resulting radial-distribution curves calculated 
from equation (1) for the five liquids examined, 


lO A, The 


smooth atomic 


shown in Figs. 3 to 5. 


the 


for 7 up to are 


continuous curve is average 


distribution Amr po, where Py is the average atomic 


density. Many of the distribution curves exhibit 
small subsidiary maxima which in the past have been 
distances. Those 


2A or 


analyzed as true interatomic 


appearing at distances about smaller are 
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interatomic distances Howeve1 
double maximum for the 34 wiliun 
which the intensity function is simila 
with the presence of the false peaks referred t 

this 

Fourie! 

strengthened y the reappe 

ak on the 40 thallium dis 
minimize the spurious detail 
for the 30°, thallium alloy, the 
exponential ha 
The value ot a was take n tot 
had i oligibly sm \ 
extremely well-defined distribution cw 
minimum of false detail. The co-ordinatio 
of the first shell at 3.25 A is 9. The sueceedi 
at 5 SA and 8 5A are not suthict ntly sharp to 


being assigned co-ordination numbers 


Radial distribution cut 
(ii) Tl, (iii) 8.5° 


obviously spurious, since distances much less than 
the atomic diameter cannot occur. Those occurring 
at larger values of 7 can easily be distinguished from 
the true interatomic distances and are due to one o1 
more of the radial distribution analysis errors already 
discussed. 

For pure mercury (Fig. 3) the area under the first 
peak at 3.1 A is 8.2 atoms. This represents the co- 
ordination number of the first shell of close neighbors. 
For the 8.5°% thallium alloy the first peak, also at 
3.1 A. is not so well defined, but a smaller co-ordination 
number of approximately 7 atoms is indicated 
Of the three remaining radial distribution curves, 
the 34° thallium alloy has a co-ordination number 
of 9.1 at a distance of 3.3 A, but the 30% and 40° 


thallium liquids both exhibit double maxima. 


The occurrence of double maxima for the liquid 


with the compound composition might be indicative 


of some tendency for molecular association, the mole- 


cule containing two close but distinctly separate 


/ tor 
then 
/ ove 
/ 
/| r, 
J 
Hf /| 
/ } 
4 
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ACTA 

nic distribution This method 
alysis has been applied to the three liquid alloys, 


listribution Fig. 6(i, ii, iii). 


analysis 


resulting 
The 
defined 


thallium, and 


curves shown in 
first well 


The 
ol approach for both the alloys near the 


positions of the four shells are 


with a minimum of spurious detail. closest 
compound composition is larger than for the eutectic 
alloy in agreement with the interatomic distance from 
intensity functions themselves. 

The 


analysis is not in 


application of the electronic distribution 


general considered worthwhile 


although it has been of use in settling long-standing 
arguments as to the significance of subsidiary maxima) 
since more information can be determined from the 


atomic distribution curves. 


5. DISCUSSION 


Intensity and atomic-distribution functions have 


been determined for pure mercury and four mercury- 
thallium alloys at a constant temperature of 17°C. 


Many of previously published intensity 


curves: 18) for mercury appear to be in error, since 
the occurrence of a diffraction peak at sin 9/2 between 
0.1 and 0.15 is suspect. There is also some dis- 
crepancy between the older work reported by Sauer- 
wald@9 Hendus‘*" and the 
of Jennings and Vineyard," 


twelve-fold 


and more recent work 
Sauerwald quotes a 


Hendus 
3 A and four atoms 


co-ordination, while obtains 


1 value of 10: with six atoms at 


7 A. Jennings obtained a value of 8.6, while 


Vineyard reports a value of 8.3. The present work is 


in good agreement with these latter results obtained 
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by X-ray and neutron diffraction, a value of 8.2 
being obtained. 

The intensity functions for the four alloys show no 
evidence of a division of the first interference maximum 
which 


into two closely separated maxima; a result 


supports the later work of Sauerwald.‘® This is not 


surprising, since Hg,Tl, is a size-factor type of com- 
4.66 A) 


(2.5 keal/mole). 


pound of face-centered cubic structure (a 
heat of 
Thermodynamic measurements of Hg-TI liquid alloys 
by both the 
show a negative deviation from Raoult’s law, implying 


having a low formation 


vapor-pressure and e.m.f. methods 


an attraction for unlike atoms; however, this is not 
so marked as, for example, in the magnesium-lead or 
gold-tin From an examination of the 
latter 


interference peak at the liquid composition AuSn, 


systems. 
system, Hendus“"® has reported a double 
associates the smaller d value of the doublet 
2.20 A) of the nickel 


and 
with the intense (012) line (d 
arsenide solid-compound structure, which he interprets 
as evidence for gold-tin aggregation in the liquid state. 

The difference in the diffracted intensity magnitude 
for the four mercury-thallium liquids indicates that 
there are considerable differences in the structures 
of the liquids studied, although they were all examined 
at the same temperature. Since thallium has approxi- 
the 
the intensity functions for the five liquids should, 


mately same scattering factor as mercury, 


other factors being equal, be similar. Consideration 
of the differences in size between the mercury and 
thallium atoms would lead to a regular and gradual 
variation in the intensity functions. However, since 
the intensity scattered is low for a liquid corresponding 


at 3 
O 1 2 3 4 5 6 7 8 9 10 ‘11 12 
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Fic. 6. Electronic distribution curves for (i) 
to the eutectic composition and high for that of the 
compound composition, it appears that the structure 
of the liquid is influenced by the corresponding solid. 
The different the 
observed for the liquids substantiate this, and it 
that at 

will be 


values of co-ordination number 


appears a given temperature the liquid 


structure more ordered at a composition 


corresponding to a compound in the solid state than 


at a eutectic where the melting-point is lower. In 


terms of a dislocation model of liquids, this implies 


that at the 


is a minimum for the liquid state 


melting-point the density of dislocations 
~10! lines/em? 
and increases with rise in temperature 

The 


four alloys, taken from the radial distribution functions 


characteristic interatomic distances. for the 


cannot be accounted for on a simple statistical 


mixture of mercury and thallium atoms. From the 


radial distribution curves of Hendus, the interatomic 


since th 


distance for thallium is 3.25 A, and 


mercury is 3.1 A, the 8.5°,, 30 and 40°, alloys 
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should have the values of 3.11, 3.14, and 3.16 respec- 
tively. The results obtained from the 8.5°% and 40°, 
alloys could be in agreement with such a random 
mixing, since the accuracy in estimating the inter- 
atomic distance is not expected to be better than 
0.05 A. However, the value of 3.3 A obtained for 
the liquid alloy of the compound composition is 
significantly larger than either of the eutectics 
or pure metals. This larger value would be consistent 
with an aggregation of Hg;Tl, molecules continually 
forming and breaking up in a matrix of disordered 
mercury and thallium atoms, since the closest distance 
of approach in this structure is about 3.3 A. This 


may, therefore, indicate that the tendency for 


aggregation at 2 » 3° above the melting-point is 
not great enough to lead to appearance of a discrete 
peak characteristic of the compound, but is sufficient 
to cause an appreciable movement of the diffraction 
peak. 
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THE EFFECT OF ADDITION ELEMENTS ON THE ELECTRICAL RESISTIVITY 
OF a-TITANIUM* 


S. L. AMEStti and A. D. McQUILLAN 


As part of a study of the effect of alloying element 
titanium, resistivity measurements at temperatures about SOO-( 
solid solutions based on the hexagonal «% modifica 
limited in number and concentration rang 
titanium and by difficulties in fabricating 
of different valencies, and one interstitial ele: 
that the metallic elements, from the point of vi 
grouped into two classes—transition metals an¢ 
only in its effect on the temperature at which the 
of the results is discussed, and it is conclude 


information on other « lectron dene ndent propert 


DELEMENTS D’ADDITION SUI ‘ <ESISTIVITI 
ELECTRIQUE DU TITANE 

Dans le cadre d’une étude de lVinfluence d’éléments dallia 
titane métallique, des mesures de résistivité ont été effectuées : 
sur une série de solutions solides dans le cas de la for 

Les éléments d’addition, bien que limités en nombre 
beaucoup d’éléments dans le titane ~ et par les difficultés de pré} 
différentes et un élément interstitiel, loxygene, a été inclus 
cerne leur influence sur la résistivité de titane «x, les él 
classes—lés métaux de transition et les : 
effet sur la temperature pour laquelle 
signification des résultats est discutée et lon con 


sans information complémentaire sur les propriéteés él 


DER EINFLUSS VON LEGIERUNGSZUSATZEN AUI 
WIDERSTAND VON «-TITAN 


Als Teil einer Untersuchung iiber den Einfl 
Widerstand von metallischem Titan wurden an einer Rei 
hexagonalen «-Modifikation des Titans bei ‘ 


Temperature 


durchgefiihrt. Die Auswahl der Zusatzelemente erfo 
verschiedenen Wertigkeiten zu erfassen, obohl 


x-Titan und der Schwierigkeit, brauchbare Pri 


bereich der verwendbaren Elemente beschrank t 
Zwischengitterplatzen eingebaut wird, verwendet 
Elemente hinsichtlich ihres Einflusses auf den Wid 
in die Ubergangsmetalle und dic ibrigen Met 
Ubergangsmetallen nur in seinem Einfluss 

halten beginnt. Aus der Diskussion iiber dic 
material nicht endgiiltig erklart werden kann, | 


Titan-Legierungen, die ebenfalls von de1 


INTRODUCTION 
The form of the resistivity/temperature curve of he Deby 
the low-temperature, hexagonal close-packed, « form howevel 


of titanium has been determined by a number of 


previous workers.“; From 20° to approxi- ture of allotropic tr 


mately 400°C, the resistivity of titanium was found  approach¢ This may 
to be a linear function of temperature, as would be the resistivity temperatur 


used in 1 work deseribed i 


The quantity 
* Received February 16, 1956. 
Department ot Physical Metallurgy, in I { at 400°C to a ve ry iow value 
> ‘ id 
Birmingham, England. transtormation mpel itul 
* Now at Research Department, Imperial 
Industries Ltd. (Metals Division), Birmingham. 
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ture curve 4-titanium. The 


of best fit equatiol 


curve of x-titanium must. therefore, account for both 
the deviation of the curve from linearity at high 
temperatures and for the high value of dp/dT at room 
temperature. 

The resistivity of a metal is dependent upon the 
and 


them 


number of electrons available for conduction 


upon the amount of scattering suffered by 


during interaction with the thermally vibrating metal 
atoms. The Debye temperature of x-titanium is not 
ibnormally low'® and the high resistivity of the 


cannot therefore be 


metal at room temperature 


ittributed to an excessive elastic scattering of the 
conduction electrons by lattice atoms having thermal 
vibrations of large amplitude. This can be illustrated 
by the fact that when the resistivity of x-titanium 
is reduced to the value it would have if the metal 
atoms were in a standard state of thermal vibration, 
the reduced resistivity / p4*/T (where is the atomic 
weight, # the Debye temperature, and 7’ the tempera- 
ture at which the resistivity p has been measured) 
is still very high compared with most other metals. 
Mott.!” 


As has been suggested by the scattering 


of conduction electrons in a metal will be enhanced if 


an interaction between them and a partially filled 


d band This will, 


can occur. type of interaction 


however, only be important if there isa high density of 


vacant electronic energy states at the top of thed band. 
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In titanium, which as a free atom contains only two 
3d electrons, it would be expected that the 3d band 
in the metallic state would extend over a wide range 
of energies and the density of energy levels at the top 
of the filled portion of the band would consequently 
be quite low. Studies of the soft X-ray spectrum of 
titanium metal) tend to confirm this supposition, 
although a measurement of the electronic specific 
heat of the metal by Friedberg et al.“ would seem 
to support the assumption of a fairly high density of 
states at the top of the d band in titanium. It would 
seem, therefore, that the high resistivity of the metal 
at room temperature can only be attributed to the 
existence of sub-bands within the 3d band as suggested 
by Goldman”® and Kriessman and Callen@ or to a 
small effective number or mass of conduction electrons 
brought about by the existence of a zone of forbidden 
energy levels immediately above the Fermi level of 
these electrons in titanium. 

The lack of any accepted explanation of the high 
resistivity of titanium at temperatures below 400°C 
is a severe disadvantage when we come to consider 
possible reasons for the deviation of the resistivity 
temperature curve from linearity above that tempera- 
ture. The fact, that the the 


deviation from a linear resistivity-temperature rela- 


however, extent of 
tionship increases rapidly with increasing temperature 
suggests strongly that a thermally-activated process 
involving the conduction electrons is taking place. 
The possibility of the existence of such a process is 
strengthened by the fact that a straight 
obtained if the magnitude of the difference Ap 


line is 


between the actual resistivity and the value which 
it would have been expected to attain at the same 
temperature had the resistivity continued to increase 


linearly with increasing temperature above 400°C is 


plotted logarithmically as a function of the reciprocal 


of the absolute temperature (see Fig. 2). 
At the 


electronic structure of metallic titanium it is impossible 


present stage of our knowledge of the 
to attempt a purely theoretical interpretation of the 
form of the resistivity/temperature curve. It may be 
mentioned at this point, however, that the resis- 
tivitv/temperature curves of both zirconium?; 
and hafnium” are similar in form to that of titanium, 
and hence this type of electrical behavior is common 
to at least three of the Group IVA elements. It 
is likely, therefore, that a study of the electrical 
properties of titanium and its alloys will throw some 
light upon the question of the electronic structure 
of the transition elements in the earlier part of the 
long periods of the Periodic Table. In particular, 
observation of the effect on the electrical properties 
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zirconium alloys were therefor 

the foregoing addition elements forn 

solid solutions with titanium, and it 

alloy containing an interstitial addition 
should be included in this survey. Oxyge 
and carbon all give rise to interstitial 
titanium, but unfortunately all produce 


1 , embrittlement of the materia Since rod 


12 


4 specimens were required for the resistivity 
10 
a (T in deg K) fabrication difficulties limited the study of 
: stitial alloys to a very low concentration 1 
Fic. 2. Relationship between the logarithm of the extent 
of the deviation, Ap, of the resistivity of «-titanium from 
linearity at high temperatures and reciprocal of the absolute oxygen was eventually chosen as a re present 


A titanium-oxygen alloy containing 1.5 at. pei 


temperature, 
of this class of alloy The rang 


of deliberate electronic changes brought about by given in Table 1 

the addition of alloying elements of different electronic 

structure, is likely to provide useful information, 

and it was for this reason that the resistivity/tempera- The methods used for the production 

ture relationships in dilute « phase titanium-rich specimens and in the determination of the resist 

alloys described in the present paper were examined. temperature curves have been described in deta 
An attempt was made, when selecting alloying an earlier paper.“ Only a brief summars 

elements to be added to titanium to form «-phase solid important features of the methods need, the 

solutions, to include among them elements having — be given here 

as many different types of electronic structure as lodide-refined titanium having 

possible. Metals of valency one, three, and four were formation range (as determined 

represented by copper, aluminum, and tin. No pressure method® of 879° to 884° 

element of valency two was used because of the 80 V.H.N., was used for the preparation of tl 

difficulty of preparing homogeneous alloys of titanium The aluminum, tin, and copper were all 99.99 

with these metals and also because no reliable data the niobium as supplied by Johnson Matthey Ltd 

were available on the solid-solubility limit of any of | spectroscopically pure, while the zirconium 

them in «-titanium. The negligibly small solubility was iodide-refined metal, contained 

of the transition elements between chromium and iron hafnium. The oxygen alloy was prepar 

in g-titanium prevented any of these metals being  spectroscopically pure titanium dioxide 

used as alloying additions. Niobium, which lies in the only appreciable impurity could h 

the adjacent group of the periodic table to titanium, — slight trace of titanium nitride 

does, however, show a small range of solubility in Alloy ingots were prepared by melting 

4-titanium, and one alloy of this system was, therefore, ponent metals in an are furnace unde! 

examined. Zirconium, which belongs to the same atmosphere at reduced e and wer 

group of elements as titanium, is completely miscible quently hot-forged into rods 6mm 


with it in the x form. and has, furthermore, a resis- Homogenizing treatments of about davs du 


LOOO-C. or. n 


tivity/temperature curve closely similar inform tothat — were carried out under vacuum at 


of «-titanium, appeared likely to be a particularly in which this temperature lay within 


interesting alloying element, and a number of titanium- region, at the highest temperature at whic! 
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was able to exist in the z-phase condition. The 


homogenized materials were reduced to 
2.0-mm diameter suitable for resistivity specimens 
by cold-swaging and were then vacuum stress-annealed 
at the highest possible temperature below 1000°C 
in the x-phase region. 


In all the 


ratio of the close-packed hexagonal cell of the x phase 


materials used in this work, the axial 


is less than the value for ideal close packing (c/a 

1.587 for pure titanium"), The possibility therefore 
arises that some degree of anisotropy of the electrical 
resistivity may exist in these materials, and hence 
the resistivity of a particular specimen may depend 
to an unknown extent on the amount of preferred 
orientation present in the polycrystalline specimens. 


It was for this reason that a standard method for 


specimen fabrication and annealing was adopted so 
that the degree ol pre ferred orientation in each speci- 
men could be reproduced at a later date should this 


prove to be of interest. In the present work no 


attempt has been made to estimate the magnitude 


of the anisotropy ettects. 


Resistance measurements were made, using a 


double-balance bridge, titanium potential and current 
leads being used to avoid contamination of the heated 
For measurements, the 


alloys. high-temperature 


specimen was enclosed in a continuously evacuated 


silica sheath in which the pressure Was approxi- 


mately 10-*mm of mercury. <A _ diagrammatic 
representation of the apparatus has been presented 
in the earlie1 paper. 


The 


specimens was computed from measurement of the 


room-temperature resistivity of the alloy 
specimen resistance between accurately spaced knife- 
The 


the rather large error in this quantity 


edged potential! conte results are accurate 


to within ] 
being due to difficulties in measuring the cross-sectional 


diameter of the rods because of the presence ot a 


slight surface rumpling due either to thermal etching 


effects produced during the final annealing treatment 


rt he existence of anisotropic effects in the thermal 


and contraction during the final thermal 


expansion 


of the stress-relief anneal. The 


specimen 


resistance was measured at intervals of from 


room temperature to the upper limit of the «-phase 


region, or to 1O00O°C if the « phase was stable above 


this temperature. The specimen temperature was 


maintained within +-0.1°C during the course of each 
individual measurement, and changes in the resistance 
of a single specimen with temperature could be given, 
therefore, to an accuracy of at least 0.1%. In order 


to detect spurious resistance changes brought about 


by contamination of the specimen or electrical 
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faults in the apparatus, the resistance measurements 


were taken in a random sequence of temperatures. 


EXPERIMENTAL RESULTS 
Experimentally determined resistivity/temperature 
curves for the series of x-phase titanium-rich alloys 
The effect of 
tin, 


studied are presented in Figs. 3 to 6. 
adding the substitutional elements aluminum, 
zirconium, copper, and niobium to titanium is, in all 
cases, to increase the magnitude of the high-tempera- 
ture deviation of the resistivity/temperature curve 
from linearity. Oxygen, the interstitial alloying 
element, is exceptional and reduces the extent of the 
deviation from linearity. The increase in deviation 
produced by the substitutional elements is quite 
marked, with the exception of that due to zirconium, 
which is much less effective than the other metallic 
elements. In cases in which the low-temperature part 
of the resistivity/temperature curve is linear (i.e. all 
the alloys studied except those containing more than 
5 at. per cent aluminum and tin) it has been possible 
to obtain a numerical estimate of the extent of the 
curve’s departure from a linear relationship at higher 
temperatures, and hence to plot it logarithmically 
as a function of the reciprocal of the absolute tempera- 
ture. The relationship between the two quantities 


has proved to be linear in every instance, and the 
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elements on 


Fic. 7. The 


resistivity Of g-titanium at room temperature. 


effect of various addition 


7 that solute elements 
the Table 


bring only a 


from the results shown in Fig. 


which lie close to titanium in Periodic 


i.e. zirconium and niobium) about 


relatively small increase in the resistivity of %-titanium, 
whereas a wide selection of nontransition elements 
including oxygen appear to have a much greater and, 
surprisingly, an almost equal effect. 

The rate at which the resistivity of x-titanium solid 
solutions increases with addition element concen- 
tration at room temperature is very large compared 
with that for dilute solid solutions based on the more 
aluminum. 


the 


normal metals, such as and 


the effect of 


resistivity of %-titanium, though very much less than 


copper 


Even zirconium and niobium on 
that of the other elements studied, is much greater 
than the normal effect of solute additions. The result 
is not entirely unexpected, since, in a metal such as 
titanium, which exhibits a remarkably high resistivity 
at moderately low temperature, the high resistivity 
a small number of conduction 


must be due to either 


electrons or a low effective mass of such electrons. 


In either case, the presence of randomly distributed 


solute atoms on the metal lattice would be expected 


to lead to a pronounced increase in the resistivity of 


the material. 
dp/de in titanium-rich alloys is not due to any special 
electronic effect introduced when the alloying elements 
are added to the metal, can be illustrated by the fact 
that the relative increase in resistivity due to alloying, 
(1/p,)(dp/dc), (where p, is the resistivity of x-titanium) 


That the abnormally high value of 
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is of the same order of magnitude as that found in 
copper-, gold- or aluminum-rich alloys. The existence 
of a the 
electrons and the metal atoms in titanium is con- 


strong interaction between conduction 
sistent with the supraconducting behavior of the 
metal"4, 15) if the Fréhlich-Bardeen theory of that 
phenomenon is accepted. 

The deviation from linearity of the resistivity/tem- 
perature curves of g-phase titanium-rich alloys at 
elevated temperatures is always towards a lower 


resistivity, and it would seem, therefore, that as 


the temperature is raised, the strong electron-atom 


interaction which exists at low temperatures begins to 


weaken. The exponential term in equation (1) 


that 
excited over an energy gap which, if the coefficient q 


suggests the conduction electrons are being 
is assumed to be the quotient of an activation energy 
and Boltzmann’s constant, is of the order of 0.5 eV 
wide for the titanium alloys under examination. 
This point is put forward with some reserve, and it may 
later prove to have been an over-simplified inter- 
pretation of the form of the experimental curves. 

It is interesting to consider systematically the effect 
of changes in the concentration of addition elements 
on the values of the coefficients p and q in the exponen- 
tial term of equation (1). Figs. 8 and 9 show p and q 
as functions of alloy composition. The forms of the 
p/concentration and q/concentration curves for each 
individual addition element are very similar and 
suggest that the two quantities Pp and q are closely 
interrelated. A plot of p against q given in Fig. 10 
indicates that, with the exception of the points derived 
from the titanium-zirconium alloys, all other points 
lie on a single smooth curve irrespective of the nature 


or concentration of the addition element, a fact which 
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Fic. 8. The variations of the quantity p in equation (1) 
as a function of addition element concentration for the 
titanium-rich %-phase alloys investigated in the present work. 
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quantity q in equi 


alloys as those indicated in Fig. 8. 


strongly suggests that the interrelationship between 
a particular electronic 
that 


p and q is a consequence of 
effect 
alloying additions do not 


metal and 


the 


existing in pure titanium 


alter fundamental! 
character of the phenomenon. 

With the exception of zirconium, which does not 
give rise to values of p and q lying on the p/q curve 
common to the other addition elements, none of the 
metals added to titanium show anomalies of the type 
observed in titanium in their own resistivity/tempera- 
ture curves. It would be expected, therefore, that if 
complete solid solubility between %-titanium and these 
elements were possible, increasing addition-element 
concentrations should bring about a gradual decrease 


in the importance of the exponential term in equation 
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Fic. 10. Interrelationship between p and the corresponding 
value of g in equation (1) for the titanium-rich alloys considered 
in Figs. 8 and 9. 
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(1) which would eventu lly become zero tor the pure 


addition element. Unfortunately, elements other than 


those of Group IVA have only limited solubility in 
4-titanium, and the point cannot be checked experi- 


mentally. In the case of zirconium, with which tita- 


nium is completely mutually soluble, the 


does not apply, because the resistivity tempera 
curve of pure % zirconium has the same form s that 
hence can als be described in 


Values of Pp und q 


been obtained DY u 


of «-titanium, and 


terms ofl equation (1) 


x-zirconium have not 


zirconium metal satisfactorily free fro 


hafnium and oxygen was not available, but 


be expected that these quantitie for pure % Z1rcol 
would not necessarily be numerically equal to tho 
The P/q 


must, therefor cha 


obtained for «-titanium relationship 


titanium-zirconium alloy s 


} + 


continuously from that of pure titanium to th 


pure zirconium. The points plotted for titanium 


zirconium alloys in Fig. 10 suggest that this is indeed 


since they lie on a curve which 


the 


the case, separate 
all othe 


nium 


intersects curve common t alloys at 


the point corresponding to pure tit 


CONCLUSION 


It does not ippe l possible T the prese nt 
our knowledge of the electronic structure of titaniun 
to put forward a satisfactory theoretical explanation 


of the work No 


interpretation of the results in terms of Brillouin 


effects observed in this simple 


Zone 


] 
With any success, and 


effects have so far met 


that the anomalous electrical behavior of titaniui 


etore be col 


titanium-rich alloys must, the 


in some way with the configuratio1 


in the metal. In view of the mathemati 


] ] 
4 
yotain a di 


experienced in attempting CO ¢ 


mechanical solution of the problem of 


structure of titanium,”® it would seem 


course at present open to us Is to obtain mo 


tion on other properties of titanium and 


which are dependent, like the electrical resist 


the electronic structure of the material 


become available, it may then be possible t 


a number of possible solutions to the probiel 


of direct check by either further expe 


theoretical investig: tion 
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INTERNAL FRICTION IN ALLOYS OF Mé AND Cd 


J. LULAY?t and C. WERT 


The internal friction of alloys of Mg and Cd has been studied in th 
peak is observed near room temperature for all alloys in this composit 
internal friction for this alloy system is quite different from that 
composition range. This is thought to be caused by thx fference 
Met ‘d, possesses long-range order at 20°C, whereas the 25° allovs of Zn in 
effects observed in alloys of Mg and Cd are shown to be consistent 


tution diagram. They seem also to be consistent with data obtaine: 


LE FROTTEMENT INTERNE D’ALLIAGES DE Mg 


Le frottement interne d’alliages de Mg et Cd a été étudié pour des concent 
Un pie d’orde est observé a la te mpe rature ordinaire pour tous les alliages de 
du frottement interne pour ce systéme est tout-a-fait différente de cell 
dans le méme domaine de composition. On pense que cela est dt a la diffé: 
position AB,; 


a 25% de Zn dans Cu et Ag. Les effets observés dans ces alliages Mg et Cd 


MgCd, présente un ordre a grande distance & 20°C, ce quit 


faits connus du diagramme d'état. Ils semblent égalen 
d’ordre de MgCdg. 


INNERE REIBUNG IN Mg 


Die innere Reibung von Mg-Cd Legierungen wurde in 
Fir alle Legierungen aus diesem Zusammensetzungsbereich 
infolge des Einflusses der Ordnungsstruktur ein Dampfung 
inneren Reibung in diesem Legierungssystem unterscheidet 
gleichen Konzentrationsbereich. Es wird angenommen, da 3 von der 
der Zusammensetzung AB, herriihrt. In MgCd, Liegt bei ernordnun 
Zn in Cu bzw. Znin Ag nicht der Fall ist. Es wird gezeigt, 
teten Effekte mit allen iiber dan Zustandsdiagramm bekan1 
auch im Einklang zu stehen mit den Daten, di an al é etik der Ordn 
Cd, erhalt. 


One of the most puzzling of all the internal friction ™agnitude of the effect goes 


effects presently under study is that caused by stress- 0 the zine concentration 
» 


induced ordering in certain substitutional alloys ZINC 2) The process 


This phenomenon, first seen by Zener in a 30° Zn-Cu activation energy close to 


in the alloy. The activation oy varies 


alloy,” has been observed later in many other 
substitutional alloys. However, even with all the data concentration; 1t decreases some, it wit! 


so far available, it has been difficult to establish Ine concentration in each 


criteria for the existence and magnitude of the effect in [he earliest explanation 


terms of other facts known about a given alloy system by Zener, who supposed that camping 


This is unfortunate, since it appears that proper ©riginin the microscopic rearrangement of at 


understanding of the effect could lead to its successful the application of an external stress.“ 


use in the study of several physical and metallurgical earest-neighbor pairs of like atoms as tl 


unit which would undergo rearrangement 


processes occurring in these alloys. 
The two alloy systems for which the damping effects Nowick and Le Claire and Lome ha 

have been studied most extensively are the systems more elaborate geometrical schen lor th 


Cu-Zn and Ag-Zn.2;%) Two pieces of information They have, however, retained Zener’s ide: 
were obtained from these studies which are of interest effect arises fundamentally from 


here; these concern the magnitude of the damping Tearrangement of atom i the material 


under stress 


* Received January 27, 1956. This work was sponsored If th expl nations Ju rere 


by the Office of Ordnance Research, U.S. Army. correct, it is likely that the magni 
+ Battelle Memorial Institute, Columbus, Ohio. : 
* University of Illinois, Urbana, Illinois. 
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extreme will 


that 


turally in the crystal. Two cases 


The 


characteristic of those alloys in which no rearrange- 


this point. first is which is 


llustrate 


ment of occurs under stress because such 


rearrangement produces no anelastic strain. There is 
This is 


atoms 

then no damping arising from this source. 
ipparently typical of such alloy systems as Cu—Ni or 
Ni-Cr. 


( rdered all VS. 


The second extreme is that of the highly- 
In this case the damping is also low 
or absent completely. This is presumably so because 
the relatively small external stress is not sufficient to 
change the naturally occurring high 
This effect 


(6.7) 


significantly 


degree of order. has been observed in 


MeCd and / 


The rk ot 


brass. 
Le Claire and Lomer enables one to 
put these thoughts on a more quantitative basis. 
They 


lattice dilatation accompanying changes in the degree 


presume that the relaxation arises from a 


of order. They further express the damping of a 
number of 
the 


parameter, og. The expression they derive shows a 


given alloy in terms of a parameters, 


among which they include short-range order 
rather complicated dependence for the damping on o, 


does go to zero for certain values of o 


but it 
example for o 1, as is the case for /-brass and for 
o = 1/3, as for ordered Cu,Au. These are the maximum 
values which o can take for these compositions. 
They correspond to complete long-range order in 
these alloys). 

We have made a further experimental study of the 
influence of ordering on the internal friction arising 
from this source. The alloys used were the Cd-rich 
alloys of Mg and Cd. 


because it 


This part of this alloy system 


was chosen contains both a region of 
normal solid solution and an ordered structure MgCd..t 
The specific aims of the experiment were these: 


1) To 
function of composition. The damping was expected 
to fall to The 


variation of the damping with composition in this 


measure the damping of these alloys as a 


zero for the composition MgCdg. 


system can be compared directly with that in the 
systems Zu-Cu and Zn-Ag, which contain no ordered 
structure of composition A Ba. 

2) To observe how the activation energy for this 
process varies with alloy composition. 

2. EXPERIMENTAL PROCEDURE 

The operations necessary to carry out this investi- 

gation are conveniently divided into three groups. 


These are (1) the preparation of the specimens, 


‘al temperature for this ordered structure is 


about 80°C. 


(for 
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2) the making of the damping measurements, and 


(2 
(3) the chemical analysis of the specimens. These 
will be described briefly.t 

The materials used in making up the alloys were 
high-purity Mg from the Dow Chemical Company and 
“Super-Purity’’ Cd from the New Jersey Zinc Com- 
pany. The Mg was stated to be about 99.99°, pure. 
The actual purity of the Cd is not known; the only 
impurity reported was a trace of Mg which was 
observed by spectroscopic means. Small ingots of the 
various alloys were made by melting together in 
vacuum small pieces of the constituent metals. The 
melting was done with the metals contained in a 
graphite crucible which had been sealed off in a Vycor 
tube. Mixing was aided by mechanical shaking of 
the molten metal. 

Since the specimens were to be 15-cm lengths of 
l-mm wire, some method had to be developed to 
reduce these ingots to that size. The alloy is too 
brittle for successful cold forming, so a casting method 
was developed. By this method, small pieces of the 
ingot were melted and cast in a Pyrex capillary tube in 
vacuum. Several wires of the same composition were 
made from each ingot. 

The internal friction at frequencies close to 1 ¢.p.s. 
was measured for each specimen by the use of a 
torsional pendulum.'® The region of interest for all 
alloys was around room temperature, so a pendulum 
was built for measurement both below and above room 
temperature. The low temperatures (down to —50°C) 
were obtained by circulating cold acetone through a 
double-walled jacket around the pendulum. Tempera- 
tures higher than 20°C were obtained by use of an 
electric heating coil wound on this jacket. A measure- 
ment was made by first cooling off the equipment to 


50°C, then letting it slowly warm up to higher 


temperatures both by heat transfer to the room and by 


the use of the heating coil. Measurements were made 
at frequent intervals during this warm-up period. 

Chemical analyses of the samples were made by the 
sulfate method described by Trumbore, Wallace, and 
Craig.“ By this method, a known quantity of the 
alloy is completely converted to the sulfates of Mg 
and Cd. These sulfates are dried thoroughly. From a 
knowledge of the weight of the original alloy and that 
of the dehydrated sulfates, the composition of the 
alloy can readily be calculated. Several check analyses 
of mechanical mixtures of known portions of metallic 
Mg and Cd showed that the method as we used it was 
accurate to about 0.3 at. per cent Mg (this accuracy 


varies slightly over the range of alloys used). Since 


+ A full description of these operations can be found in a 
thesis by John Lulay, Univ. of IIl., 1955. 
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AND 


this accuracy was adequate, we did not develop the 


method further. To make sure that the analysis 
made for a given alloy was actually that of the 
material used for the damping measurement, the 
specimens themselves were analyzed. Each specimen 
was cut into three parts after the damping measure- 
ments were complete and each part was analyzed 
separately. The actual composition was taken as an 
The 


inhomogeneity over the length of the specimens was 


average of these three determinations. 


OTOSS 


small—of the order of a few tenths atomic per cent. 


3. RESULTS AND DISCUSSION 

at | 
manifested itself in a peak (in temperature) which 
for all 


examined. The temperature variation of the internal 


The internal friction when measured C.p.s. 


appeared near room temperature alloys 


friction is given closely by the equation 


j 


AM 


in which 


T, exp (AH/RT). 


In the first of these equations, Q-! is the internal 
friction, AM the magnitude of the relaxation strength. 
m the angular frequency of the pendulum, and 7 the 
relaxation time. The second expression gives 7 in 
terms of the activation energy for the process, AH, 
and another constant of the material 7). 
The data obtained in this study fit these equations 
an example is given in Fig. | for the 
The solid line 


according to equations (2), with A.W chosen 
to be 0.26, and AH 19,000 cal/mol. The experimental 


rather well: 
alloy of 29.3 at. per cent Mg. is drawn 


1) and 


29.3% Mg 


L 75 cycles/sec 


20 40 


°C 


-20 


The 


Fic. ] The “order” ol 
solid line is plotted for a single relaxation time, 
equation (1). The adjustable parameter A.W is fixed to give 


agreement with the experimental pomts at 20°C, 


peak for an alloy 


according 
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° 
Zn 


Atomic 


10 1S 


data fit equation (1) rather well f 
ot the pea 


characterized by a 


k, showing that the 
single relaxati 
general feature of this ‘‘orde1 
The chief item of 


onitude of the 


interest 1 
pe 
is presented 
AM 
This cur’ 


rt 
parts 


how the mi 


tion. This behavio1 
magnitude of the relaxation 
ot 


divided 


tion \Meo-content 


several 
Meg 
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nto 
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b more 
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nd 
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Here 
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A X* 


composition range 
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other systems. This means that the Mg-Cd alloys in 
This 


observations of Edwards, 


this region behave like normal solid solutions. 
is in agreement with the 
Wallace, and Craig." 

2) In the region between 16°, and 25°, Me the 
alloy behaves like a two-phase region; i.e. like a mix- 
ture of MgCd. (ordered) and a solid solution of 16°, 
Mg in Cd. This observation also agrees with the X-ray 


Wallace. 
3) At the composition MgCd.,, the damping is very 


observations of Edwards, and Craig. 


low (perhaps zero). This is predicted by the expression 
of Le Claire and Lomer (for an AB, alloy with 


0 1/3) 


4) Above 25°, Mg, the alloy again behaves like a 
Mg. 


evidence from other sources to support this view. 


mixed phase region to about 32°, There is no 

The rate of relaxation is also an interesting feature. 
This rate is conveniently expressed as the tempera- 
ture of the maximum of the peak for a given frequency 
of the pendulum. In Fig. 3 these data are plotted as a 
function of ¢ lloy composition fora frequency of about 


0.75 p.s. 


The inset scale for the upper curve shows 
that for low-Mg content the peak has a maximum 
around 10°C. It decreases slowly to a minimum of 
0°C at about 15°, Mg then slowly increases to nearly 
30°C at 32% Mo. 

It is common to express the temperature depend- 
ence of such processes as this exponentially as with 


) 


equation 2 The significant feature of the rate of the 


process is then the activation energy, AH. In the 


present experiment the activation can be 


the 


energy 


obtained by well-known method of measuring 


the shift in peak temperature with a change in 


20 30 35 
Mg 
Zn 


AH in kiloealories/mol for the systems Mg—Cd, Cu—Zn and Ag—Zn. 


frequency of the pendulum. For an alloy of 27% Mg, 
a value of AH so obtained was 18,000 1000 cal/mol. 
A second method to measure this same value is the 
method of Wert and Marx;"®) it 
observation that AH is a linear function of the peak 
K): the value of AH can be 
obtained from a measurement of the peak position at a 
The values of AH so obtained for 


these alloys may be read off the same curve in Fig. 3, 


is based on their 
position (expressed in 
single frequency. 


using the scale on the right. The single value obtained 
by the two-frequency method, 18 keal for an alloy of 
27°, Mg, fits satisfactorily on the curve. 

Since the values of AH for this 
alloys of Cu-Zn and Ag-—Zn 


comparisons can again readily be 


same process in 


are already known, 
made. For this 
purpose, the data of Childs and Le Claire for Cu—Zn* 
and of Nowick for Ag—Zn? are also plotted in Fig. 3. 
These pieces of data both show a linear decrease of 
AH with alloy concentration for these solid solutions. 
For Mg—Cd the data also show a decrease below 15°% 
Mg, 


composition the data deviate from the 


where a solid solution also exists, but above this 
ee 
normal 
behavior. We have no explanation for this effect at 
present. 

It has been supposed for a number of years that the 
mechanism by which this ordering occurs is closely 
related to 
11) 


bulk diffusion. The evidence for this is 


good.'?: Therefore, diffusion in Cd-rich alloys of 
this alloy system ought to occur with an activation 
energy of from 17,000 to 19,000 cal/mol. This should 
be the case at least for alloys containing less than 
15°, Mg. Above this composition range, in the two- 


phase region about MgCd,, it is not clear that this 


30 
°C 19 
10 18 
Mg-Cd +7 
42\_ 17 
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| 
| ° 
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34, 
32 
5 10 


LULAY WERT: 


region the 


this 
internal friction anda tracer-penetration measurement 


should be true, however, since in 


might measure quite different averages of the move- 


ments of the atoms. 


In some measurements of the specific heat of 


MgCd, by Coffer, Craig, Krier, and Wallace, some 
interesting observations were made.) 
LSO°K, 
practically frozen in, at about 180°K, there begins a 
this 


Among them 
were these: below the degree of order is 
process occurring over a period of many hours; 
process can be attributed to changes in order occurring 
after temperature changes. It occurs more rapidly 
the higher the temperature; at 240°K it becomes so 
rapid that it is hidden by the instrumental transients 
of their equipment (which comes to equilibrium in 
about 30 min). They have concluded that the process 
is the onset of the breakup of the ordered lattice. 

Since it is likely that the internal-friction phenomena 
reported in this paper are also caused by ordering in 
the lattice, it is quite possible that our measurements 
are simply related to these specific heat measurements. 
To show that this is so, we offer the following obser- 
The can be 


calculated to be 240°K about 


relaxation time 7 at 


1000 hours, at 


vations: 
about 
1 min. This means that significant atom movements 


would be expected to occur in about 1000 hours at 


INTERNAL 
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He nce at 
would 


significant 


240° 18 


Cotter ef al 


18O°K and in about 1 min at 


temperatures just below 180°K 


have to wait more than 2 months to see 


change in the degree of order. On the other hand. at 


240°K and above, the changes in lattice configuration 


occurring in 1 min or less ought to be masked by the 


half-hour recovery time of their apparatus, as indeed 


they are. It does appeal then that the rates ot 


the phenomena described in this paper and in thei 
are quite compatible, and that both pre 
local 


related to some sort of ordering 
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SUBGRAIN AND ELECTRICAL 


RESISTIVITY STUDIES OF 


MOLYBDENUM SINGLE CRYSTALS* 


AUSTT 


trical resistivity 
d after annealing 


X-ray 


slightly initially 


ture al 


and observations. 


grapnit 


and R. 


Resistivity 


and is followed by a rapid rise coincident with crossing slip bands. 


MADDIN= 


for single crystals of molybdenum after various amounts of bending at room 
isothermally at several temperatures was measured and correlated with 


found to 
Etch pit 


during room-temperature bending is 


measurements are found to be proportional to the reciprocal of the bend radius, in agreement 


Cottrell relation. 


ETUDES DE SOUS-GRAINS ET 


DE RESISTIVITE ELECTRIQUE 
LES MONOCRISTAUX DE 


DANS 
MOLYBDENE 


La résistivité électrique de monocristaux de molybdéne aprés divers degrés de flexion a la température 


ordinaire et revenus isothermes a des temperatures différentes a été mesurée et mise en relation avec des 


observations 1 


nicroscopiques et de rayons X. 


La résistivité pendant la flexion a la température ordinaire 


ite d’abord lége rement puis d'une maniere considérable lors de l'apparition de bandes de “‘cross- 


. densité de piqtres de corrosion a été trouvée proportionnelle a inverse du rayon de courbure, 


rd avec la relation de Cottrell. 


UNTERSUCHUNGEN UBER 


SUBKORNER UND 


ELEKTRISCHEN WIDERSTAND AN 


MOLY BDAN-EINKRISTALLEN 


An Molybdan-Einkristallen wurde der elektrische Widerstand gemessen, nachdem die Kristalle bei 


Zimmertemperatur verschieden stark gebogen und danach bei verschiedenen Temperaturen isotherm 


orden waren. 


angelassen w 
tungen verglichen. 
langsam anwachst: 


Gleitbander zusammen. 


zum Bie geradi IS ISt, 


Die Ergebnisse wurden mit metallographischen und mit Réntgen-Beobach- 
Es zeigt sich, dass der Widerstand mit dem Biegen bei Raumtemperatur zunachst 
sein darauf folgender starker Anstieg fallt mit dem Auftreten sich durchschneidender 
Das Auszahlen von Atzgriibchen ergibt, dass ihre Dichte umgekehrt proportional 
was mit der Cottrellschen Beziehung in Einklang steht. 


[t is possible to obtain in deformed crystals a type 
called 
which leads to discontinuous asterisms 
Cahn" 


ol annealing phenomenon, poly gonization, 


in the Laue 
X-ray patterns has observed polygonization 
in bent single crystals of zine, magnesium, aluminum, 
and sodium chloride, after annealing near the melting- 
point. The break-up of the asterism into discrete 
spots is believed to be due to the alignment of the edge 
walls, 

The 


confirmed 


dislocations introduced by bending into the 


perpendicula: to the active slip direction. 
existence of these dislocation walls was 


> 


Dunn and Daniels. 
Cottrell that 


Cahn" 


Mott 


and by 


und conclude the basic 

ocess in polygonization is the movement or climbing 
if edge dislocations out of their slip planes in order 
to change their grouping from a “horizontal” one to 

‘vertical’ one. This process involves the migration 
of vacancies to or from the edges of the half-planes 
Mott 


proce Ss of recovery, as well as 


of the dislocations. and Seegar') have also 


suggested that the 
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polygonization, may be dependent on a dislocation 
climb process. 

Calculations, e.g. Jongenburger,'® have shown that 
effected by the 


singularities, i.e. vacancies. It 


electrical resistivity of metals is 
presence of point 
has also been suggested by Nabarro’ that dislocations 
can act as sinks for vacancies. Hence, recovery of 
electrical resistivity might be expected if vacancies 
to dislocations. Since 


are annihilated by diffusing 


the process of the climbing of dislocations out of 


their slip planes involves the migration of vacancies 
to the edges of the half planes, it should be expected 
that polygonization (dislocation climb) would be 
accompanied by a decrease in the electrical resistivity 
attributed initially to the presence of vacancies. 

It has not, as yet, been possible to calculate the 
resistivity due to groups of piled-up dislocations 
which are considered to be present in cold-worked 


38) 


metals.‘*’ If groups of piled-up dislocations contribute 
substantially to the resistivity, as is quite likely, it 
is to be expected that a decrease in resistivity may be 
accompanying an alteration of the piled-up arrays 
into configurations containing less strain-energy. 

The present investigation was initiated to determine 


under what conditions polygonization or subgrain 


rhe eles 
tempera 
hh 
A 
4 
if 


AUST MADDIN: 


formation may occur in bent 


Electrical 


conducted in order to obtain a quantitative measure- 


molybdenum single 


crystals. resistance measurements were 

ment of the changes occurring during recovery and 

polygonization. 
EXPERIMENTAL DETAILS 


Single-crystal specimens of molybdenum were 
grown from sintered molybdenum rods of 99.9%, 
the 


The specimens were about 3mm in diameter and 


purity, using method described elsewhere.“ 


18 cm long, with single crystals approximately 2 em 
to 5 cm in length occupying the entire center sections 
of each specimen. The specimens were electrolytically 
polished and then bent at room temperature, applying 
(0) The 


radius of bend of the crystals was varied from 8 cm 


the same techniques described previously. 
to 1.5em. The bent crystals were annealed in an 
argon atmosphere for periods of 1 hour to 25 hours at 
temperatures from 300°C to approximately 1600°C. 

X-ray 


obtained from the crystals in the grown and bent 


back-reflection Laue photograms were 
conditions and after the various annealing treatments. 


The 


the initially unstrained crystals are shown in Fig. | 


longitudinal specimen axis orientations for 


in a unit stereographic triangle. Microscopic examina- 
tion was conducted after etching the crystals in a 
sodium hydroxide and potassium ferricyanide solution, 
and also after electroetching in 5°, oxalic acid at 4 V. 
The electroetch method was found to be more sensitive 
for revealing subgrains in molybdenum crystals. 
after slight 
(2000°C), 


Several crystals were also examined 


deformation at an elevated temperature 


Electrical resistance measurements were made with 


a Leeds and Northrup Kelvin double bridge, afte: 


increasing amounts of bend and after the various 


OO! 


Initial orientations of molybdenum 
ery stals investigated. 


SUBGRAIN 


STRU(¢ 


annealing treatments. A jig was constructed for 


holding a bent crystal in an identical position for 


each resistance measurement 

between the pote ntial leads was constant 
was made to take account of the increase in 
leneth between the potenti il leads due to th 
A current of 


fora period of less than 10 see. Al 


5) amp was passed through the s 


resistance 
ments 


(?] To 


were 


26°C) 


made at atmospheri: 
and corrected 


the 


were 
sensitivity of resistance me: 


The resistivity 


8 ohms and the accuracy was 


values were accu 


ohm-em, or --0.3° 


EXPERIMENTAL RESULTS AND DISCUSSION 


High-te m perature Deformation 


Subgrains were detected microscopically and by 
the split-up of Laue reflections in molybdenum singl 
crystals subjected to a slight external stress during 
high-temperature annealing. Typical examples are 
shown in Figs. 2a and 2b, which were obtained from a 


(M-1) 


2000°C, and from another crystal 


about 1°, in tension at 
M-2 
by bending to a 18-cm radius at the same temperature 
Fig. 2a 


Etch pits which are spaced in a 


crystal deformed 


deformed 


The average size of the subgrains depicted in 
is about 10 microns. 
nearly regular manner are visible at the sub-boundaries 
It is also evident, particularly in the lower part of 
Fig. 2b. that the density of etch pits changes markedly 
when the direction of the sub-boundary ch 

The etch pits are believed to occur at disloca 
which are found at regularly spaced distances 
The 
etch pits in the sub-boundaries was |] LO 
10 


in the sub-boundary average spacing 


em. From the dislocation relation 


where orientation difference 


spacing, and h etch misorient 
0, of 


deformed slightly at 


pit spacing 


0.0] to 0.02 were calculated for 


1300 of the 


Microscopic examination at 


crystal section adjacent to a polyerystalline 


revealed no apparent change of direction of 
sub-boundar\ 


where it meets a 


that 


boundary 


indicates the a sub-boundary 


“pull” of 


junction is very much smaller than that of a 


boundary Back-reflection Laue photograms reve 


a breakup of each Laue reflection into discrete spot 


similar to that observed by Chen and Maddin 
for a single bdenum bent 


cry stal of moly 


The orientation-spr id betweel 


vidual spots of a Laue reflection was less 
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previous investigation,“ X-ray Laue patterns 


ybdenum single crystals bent at room tempera- 


ture revealed a_ bre ikup of Laue 
diffuse 


high- 
This 


was interpreted in terms of crystallite 


spots into 


rons connected by areas. 


intensity re 

‘nomenon 
fragmentation where the individual crystallites are 
mnected by high-strain regions. In the present study, 


stals (M-3, M-4, M-5, M-6) 


t room temperature and annealed 


were bent 
1.5 em 
wn argon atmosphere for periods up to ten hours 

No significant 
the 


1 to 


at temperatures from 300°C to 1400°C 
change was noted either in orientation or in 


ippearance of the Laue reflections after the above 
treatments. Microscopic examination after chemical 
nd electroetching showed no evidence of subgrain 
formation or polygonization. It is possible, of course, 


that in 
] 


size and misorientation to be detected by conventional 
to detect any 
1400°C. 


subgrains were present, but still too small 


techniques. However, the failure 


structural changes even after ten hours at 
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suggests that it is unlikely that sub-boundaries in 
molybdenum crystals form by an athermal process 
on plastic deformation. 
Another crystal 
at room temperature and then annealed for one hour 


which was bent to 2.3 em 


at temperatures from 300°C to 1LO00°C, also showed 


no structural changes. This same crystal was then 


bent from 2.3 cm to 1.8 em during an anneal at 1200°C. 
Microscopic examination revealed sub-boundaries, as 
shown in Fig. 3a, similar to those observed in an early 


stage of formation by Dunn and Daniels? in bent 


Fic. 3. (a) top: Sub-boundaries in molybdenum single 
eryvstal (W/-7) after l-hr Crystal 
previously bent to 2.3 em at room temperature, and then bent 
1200°C. Electrolytically polished and electro- 
15sec in 5% oxalie acid solution. 300. b) Centre: 
spot of M-7 after 2.3 em 
30ttom: 


bending to 


) 
‘ was 


anneal at 1500 ¢ 


to 1.8 em at 


etched 


Enlarged to 


Laue bending 
Laue 


1200°C and 


Enlarged 
1.8 cm at 


at room temperature. (Cc) spot 


of M-7 after an additional 


annealed 1 hr at 1500°C. 
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AND 


silicon-iron 
examination at LOOO 
Fig. 3a 


succession of etch pits similar to the walls of edge 


and annealed crystals. 


that 


Microscopic 


indicated each sub- 


boundary in consists of a discontinuous 


dislocations revealed in aluminum 
Cahn.” 
crystal M-7 was 0.5 10-4 em, which corresponds 
to a misorientation @ of 0.04 


Alh. 


crystals by 


The average spacing of the etch pits in 


when calculated from 


the dislocation relation 4 From the relation- 


where W 
Ri(cos 4) 


of the subgrains, R is the radius of bend, and 4 the 


ship, 6 is the average width 


boundary direction, the misorientation 4 is calculated 
to be 0.08°. The latter value of misorientation is in 
with the 0.04 


from the etch-pit spacing. 


reasonable agreement value derived 

Enlarged Laue reflections from crystal M-7 are 
shown in Figs. 3b and 3c, after room-temperature 
bending and after the additional bending to 1.8 em 
at 1200°C. The high-intensity regions of Fig. 3c appear 
to be arranged in a preferential manner suggesting 
crystallographic order to the formation of the sub- 
grains. The X-ray photograms from crystal M-7 also 
revealed partial Debye rings of a textured aggregate 
after bending at 1200°C and after further one-hour 
1400°C 1500°C. The 
consisted of very small spots, reminiscent of poly- 
better 


anneals at and Debye ares 


gonization, which became developed and 


increased in size as the temperature was increased 
from 1200°C to 1500°C. This phenomenon may be 
interpreted in terms of subgrain growth, as was 
observed in bent silicon-iron crystals when annealed 
from 950°C to 1300°C.@ The orientation difference 
between the individual spots in the X-ray patterns 
of crystal .7-7 was less than 0.1°, which is consistent 


with the 4 values calculated from microscopic 


observations. 

Crystal .7-7 was next bent a slight additional 
amount at room temperature in order to reveal slip 
traces. It was observed on microscopic examination 
that the sub-boundaries were approximately at right 
angles to the slip traces, as predicted by the dislocation 
mechanism of polygonization.“) The nearly straight, 
parallel sub-boundaries found in crystal (Fig. 3a) 
differ in from the irregular network 
of sub-boundaries observed in crystals after slight 


appearance 


bending or tension at (Figs. 2a and 2b). 
The nearly parallel or lamellar sub-boundaries may be 
described as polygonization. However, as the structure 
coarsens, it loses the characteristics of a poly gonized 


one, not because the lamellar structure disappears, 


but possibly because larger units no longer have 


simple orientation relationships. ' 


SUBGRAIN 


STRUCTI 


3. Etch-pit De nsitie 
Microscopic 


measurements of etch-pit densities 


were conducted on several cry stals after electroetching 
in 5°, oxalie acid solution The excess density of 
edge dislocations of the same sign to produce a 
calculated 
rb. 


f dislocations per unit area 


bending was 


Cottrell (4 


certain amount of strain in 


from the relation given by 


where p is the number 
parallel to the bend axis, 7 is the bend-radius at the 


neutral axis, and 6 is the Burgers vector 


dislocation. For molybdenum, 6 is the inter 
the (111 The 
summarized in Table 1. 

The 


etch-pit density and the dislocation density calculated 


distance in direction. result 


reasonable agreement between the me 


from the Cottrell relation supports the belief that 


the etch pits are locations of intersections di 


locations with the surface. Good agreement between 


and calculated dislocation densities wa 
Machlin”*) for 


Dunn and 


measured 


also found by Hendrickson and bent 


silver crystals, and by 


controlled 


and annealed 
Hibbard,“ 
ilicon-iron crystals such that 


the thei 


112 -edge dislocations 


who geometry of 


were measured after electroetching 


of Electrical Resistivity due to Bi nding 


p 2] 


4. Increase 


The electrical resistivity at 21°C ol molyb 


denum single crystals in the ‘‘as-grown”’ or unstrained 
condition was found to be 5.95 0.05 10-® ohm 


cm. The effect of amount of bending at room tempera 


of molybdenum 


ture on the electrical resistivity (p 21 


cervstals was measured. Increases of resistivity up to 


liv | 
t adaius 


15% were observed after bending to 


Fig } shows the relationship he 


increase of resistivity and angle ol 


1.25-em length for two molybdenum 


M-10). A 


altel 


rapid incré 
hend 


and very 


Metal 


result of 


evident about a 12 


examination of the slip traces 


riy 


revealed one system of fan 


it from 
L200 


it 


573 
4 
LOSE 
l 
su 
Crvsta 
( litic 
N 
- 
hr 
M-10 bent to 2.1 at 1 10 


ACTA METALLU 


INCREASE 


4. Per cent 
ot amount ot! bending at room temperature, 


increase n resistivity as a tunction 
a 5 bend, and a slight forked nature of the bands 
After a 15 


the slip bands were very forked, i.e. 


after about 12 bend over 1.25 em, 
intersecting, 
and similar to the slip bands previously observed in 
bent molybdenum crystals (Fig. 10 of reference 10). 
Load-deflection curves obtained for bent molybdenum 
cry stals4® also gave some indication of a behavior 


similar to that shown in the resistivity-angle of 
bend-curves of Fig. 4 

It is 
Masima 


resistivity of single crystals of alpha brass increased 


in this connection, that 
that 


interesting to note, 


and Sachs“@* found the electrical 


by only about | as slip began and then remained 


onstant durin ilmost the 


whole period when slip 


is confined to one system. However. a marked 


‘ase in resistivity was observed as a second-slip 


became operative in alpha 


brass cry stals. 


‘he rapid resistivity coincident with 


mcrease ill 
slip 
he re, and in alpha-bra 


ntersection oft 


bands observed in bent molvb- 


um crystals Ss crystals,4)) 


understood if resistivity is appreciably 


the presence ot vacancies and piled-up 
oups of dislocations formed by crossing dislocations. 


in specifically considering vacancies, has 


n diagrammatic stress-strain curves which are 


ery similar to the resistivity-strain curves found for 
polycrystalline nickel by Broom.“ The relatively 
gh per cent increase in resistivity for bent molyb- 
4) and polycrystalline molyb- 


lenum crystals (Fig 


enum and tungsten after reduction of cross- 


section,“® may be the result of a high concentration 
of frozen-in vacancies as well as piled-up groups of 


dislocations which can remain in the lattice when 


the deformation is carried out at room temperature. 


5 Re COVE ry of Ele ( t) i al Re sistivity 


Several single-crystal specimens to .W-10 


.GICA, 4, 


1956 


IN RESISTIVITY, 


INCREASE 


5 0 5 


ANNEALING TIME (Hrs.) AT 1550°C 


BENT AT ROOM TEMPERATURE 


Fic. 5. 
ery stals bent at room te mperature. 


Recovery data for molybdenum single 


inclusive) were bent at room temperature to radii 


of 1.5 em to 5 em with resulting increases of resistivity 
of 15 to 7° 


ling treatments, and the electrical resistivity measured 


These crystals were given various annea- 


at room temperature after each anneal. No recovery 


0.3°.. was found after 90 hours 


of resistivity, within m 
at room temperature and after annealing for periods 
up to 10 hours at 1400°C, Also, no structural changes 
were evident after microscopic and X-ray examination. 

Isothermal annealing at 1550 — 30°C resulted in 
partial recovery of the total increase of resistivity due 
to bending, as shown for crystals 7-6 and .W-10 in 
Fig. 5. It noted that 
annealed for one-hour periods at temperatures from 


300 to 1400°C. prior to the 1550°C treatment: 


should be ervstal was 
crystal 
M-10 received no prior anneals (.W-10 was bent to a 
M-6). This 
explain the differences observed in the curves of Fig. 5 
Microscopic and X-ray back-reflection studies indicated 


smaller radius of curvature than might 


that the recovery of resistivity could not be attributed 
to a reduction in dislocation density, i.e recr’\ stalliza- 
X-ray 
distinct structural changes occurring during recovery 
The Fig. 6 
obtained from crystal 1-6 after room-temperature 
after 1 hour, 8 
1550°C. A 
high-intensity regions in crystallographic manner is 
Fig. 6 


suggesting the occurrence of polygonization. 


tion. However, the photographs did reveal 


of resistivity. Laue reflections of were 
hours 
of the 


bending and hours, and 20 


annealing at oradual alignment 
anneal, 


Micro- 


scopic examination also indicated a partial alignment 


evident in with increasing time of 


of etch pits into sub-boundaries, which is depicted 
in Fig. 7. 

A calculation of the activation energy tor recovery 
of electrical resistivity from the data at 1400°C and at 
the first 


1550°C. during 5 hours yields a value of 


between 3.5 and 7eV. This can be compared with 


the activation energy of approximately 2.6 eV_ for 


© 
— 
Mo CRYSTAL M-9 
ay 
0 M-6 
or / 
0 
| 
20 
3 
5 0 15 20 
— 


AUST 


Laue reflections from crystal M-6 after 
(1) room-temperature bending, 
2) 1 hour at 1550°C, 

8 hours at 1550°C, 

20 hours at 1550°C. 


Fia. 6. 


Fic. 7. 


Sub-boundaries reve 
in erystal 7-10 after 12-hr anne 


L550 


polished and electroetched 15 sec in 5% o3 acid 700 


the climbing of dislocations in bent and annealed 


silicon-iron crystals obtained by Dunn and Hibbard 


A higher activation energy might be expected fo 


molybdenum in view of its much greater temperature 

of melting as compared with silicon-iron 
SUMMARY 

which regions of mis 


of 0.0] to 


Sub-boundaries separate 


orientation 0.02 were observed i 


molybdenum single crystals subjected slight 


deformation by 


bending or tension at approximately 
2)000°C. No experimental evidence of polygonization 
recovery of electrical resistivity, or recrystallization 
was found in crystals bent only at room temperature 
to radii from 8 em to 1.5 em and annealed for periods 
1400°C. However. evidence of 


up to 10 hours at 


polygonization was observed in bent molybdenum 


crystals after isothermal annealing at approximately 
1550°C for periods of 1 to 20 hours. A partial recovery 
of the total increase of resistiv ity due to bending was 
also found to occur during the annealing at 1550°C. 


An approximate calculation of the activation 
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energy for the partial recovery of electric 


produces a value of between 3.5 and 


results are interpreted in terms of the si 


Mott and Seegar that the phe 


electrical resistivity and polygoniz 


dent on a dislocation clin 
electrical resistivity may 

of a realignment of piled 
cont 


into configurations 


A relatively large incre: 
room-temperature bending 

crystals was observed The pegini 
increase in resistivity was found to coir 
initiation of intersecting slip bands. This 
be explained in terms of a high cone 
‘frozen-in’ vacancies and piled-up group 


(,00d 


tions formed by crossing dislocations 


was obtained between the experimentallh 


area density of dislocations and that calculated 


the Cottrell formula for the excess den 
lius of curvature of the 

experimental observations 

iunnealed 1 


and 


in bent 
consistent with the dislox 


d; ries 
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THE FORMATION OF LOW-ENERGY INTERFACES DURING GRAIN GROWTH 
IN ALPHA AND ALPHA-BETA BRASSES* 


HSUN HU? and CYRIL STANLEY SMITH? 


Measurements have been made of the relative areas of various types of interface observable in the 


microstructure of alpha-beta brasses. In alpha brass the ratio of twin-boundary area to that of grain 
boundary increases with grain size in accordance with the Fisher-Fullman concept of nucleation at grain 
corners. In alpha-beta brasses, interfaces across which the two phases are related in orientation are 
common and their fraction increases as the grain size of the duplex mixture increases, but this is a result 
of selective growth and not nucleation. These interfaces appear on microsections as straight lines similar 
in appearance to twins in the alpha phase, but they do not correspond to any particular orientation of 
the boundary plane with respect to the grains. They do, however, include the single close-packed 
direction common to both phases. 


LA FORMATION D'INTERFACES DE BASSE ENERGIE PENDANT LA CROISSANCE DU 
GRAIN DANS LES LAITONS ALPHA et ALPHA-BETA 
] 


On a mesuré les surfaces relative de différents types d’interface, observables dans la microstructure des 


laitons alpha-béta. Dans le laiton alpha, le rapport de la surface des joints de macle a celle des joints des 
grains augmente avec la dimension du grain en accord avec la conception de Fisher-Fullman sur la 
germination aux coins des grains. Dans les laitons alpha-béta, les interfaces, a travers lesquelles les deux 
phase s ont une ormentation apparentee sont communes et leur nombre augmente avec la taille du grain de 
alliage. Ceci est un résultat de croissance sélective et non de germination. 

Ces interfaces apparaissent sur des microsections comme des lignes droites semblables aux macles dans 
la phase alpha, mais ne correspondent pas a une orientation particuliére du plan des joints par rapport 
aux grains eux-mémes. 


Cependant elles contiennent l'unique direction compacte commune aux deux phases. 


DIE BILDUNG VON GRENZFLACHEN NIEDRIGER ENERGIE WAHREND DES 
KORNWACHSTUMS IN «- UND «-$-MESSING 
Die Autoren haben Messungen iiber die relative Grésse verschiedener Typen von Grenzflachen, die 
in der Mikrostruktur von «-(-Messing zu beobachten sind, angestellt. In «-Messing nimmt das Ver- 
haltnis zwischen der Flache der Zwillingsgrenzen und derjenigen der Korngrenzen in Ubereinstimmung 
t dem Vorschlag von Fisher-Fullman, wonach die Keimbildung an den Ecken der Korner stattfindet, 
Korngrésse zu. In «-(/-Messing findet man haufig Grenzflachen, iiber die hinweg eine Orientie- 
eziehung zwischen den beiden Phasen besteht. Ihre Anzahl nimmt mit der Korngrésse der 
zu, was auf selektives Wachstum und nicht auf die Keimbildung zuriickzufiihren ist. Im 
1 4ussern sich diese Grenzflachen in ahnlicher Weise wie die Zwillinge in «-Messing als gerade 
es entspricht aber nicht einer speziellen Orientierung zwischen der Ebene der Grenzflache und 
n. Lediglich die eine, dichtgepackte Richtung, die in beiden Phasen iibereinstimmt, fallt mit 
enzflache zusammen. 


INTRODUCTION in 1926 and was emphasized again by Burke? in 


Various theories concerning the formation of 1950, assumes that during the migration of a grain 
innealing twins in single-phase face-centered cubic boundary, when its advancing front corresponds 
metals have been advanced. Maddin. Mathewson, approximately to an octahedral plane of the growing 
ind Hibbard” proposed the mechanical nucleation grain and encounters some kind of a discontinuity 
theory, which assumes that twin faults produced in the matrix, a twin will result, which under favor- 
by the first movement of the atoms in a two-stage able conditions will grow to a visible twin. Burgers 
slip process may serve as nuclei for annealing twins advanced the stimulation theory,®: ® which assumes 

However, as pointed out by Burke) and that a “stimulated” crystal starts to grow at the 
by Burgers, Meijs, and Tiedema,® the mechanical moment when an already growing ‘stimulating’ 


nucleation hypothesis cannot explain all of the crystal comes into contact with a lattice region of 


observed phenomena. The growth-accident theory, the matrix that has a twin relationship with it. 


which was first suggested by Carpenter and Tamura‘ The most widely accepted theory is that of Fullman 


and Fisher,“ who proposed that annealing twins 


* Received March 13, 1956. are formed by a typical nucleation process occurring 
+ Westinghouse Research Laboratories, Churchill Borough, 
Pennsylvania. 


* Institute for the Study of Metals, University of Chicago. tation to a growing crystal will produce a sufficient 
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whenever the appearance of material of twin orien- 
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HSUN anp SMITH: LOW-ENERGY 
lowering of the free energy of the grain boundaries 
locally involved. Since such nucleation is probable 
only when extremely small volumes are involved, 
it can occur only at the moment when a growing 
first 


previously made contact. 


orain touches a grain with which it has not 


In its simplest form this 
theory applies to the formation of twins during the 
growth of already recrystallized grains, though 
twins can also form by an analogous mechanism 
during recrystallization when a grain is growing into a 
highly strained or polygonized matrix. In the growth 
stage the number of new grain contacts which could 
give rise to twins will be directly proportional to 
the number of grain corners and, hence, grains that 
have disappeared. Assuming a constant shape 
distribution and no change in preferred orientation, 
the increase with grain 


number of twins will 


the 


then 


size according to following 


relationship :‘® 


'dA = p (log A, — log A,) (1) 


where A is the average area of grain, NV the change 
in number of twins in growing from a grain size A, 
to size A,, and p the probability of forming a twin, i.e 
the number of contacts necessary before a twin 
appears, divided by the number of corners per grain 

Although much attention has been paid to the 
formation of oriented interfaces during transformation 
in two-phase alloys, the formation of oriented low- 
been 


energy interfaces during grain growth has not 


studied. In the case of alpha-beta brass, the interfaces 
between the two phases can be insensitive to orienta- 
tion, which results in a curved typical foam structure 


(Fig. 1), or they can have an obvious direction 


7 


Alloy 


in alpha condition, annealed 


Fig. 1. 
with 61.57°, copper, rolled 65% 
700°C for 24 hours, quenched, cold rolled 50°, re 
2 hours at 700°C, quenched. Light areas are beta phase. 250. 


Randomly oriented alpha and beta grains. 


annealed 


INTERFA¢ 


ot} uch like a 


preference and be in appearance straig 


twin (Fig. 2) in a manner strongly suggesting orienta- 


tion-dependence of energy, The former structure 1s 


obtained by annealing a larg grained two-phase 


structure after deforming in manner to give random 


orientations: the latter after extensive grain growth 


In an hine-grainead ture 


This 


of the various interfaces present in the micro 


initially 


two-phase sTrue 


papel describes some quantitative studies 


icture 


of alpha and alpha-beta by 


SSeS 


view to understanding their formation anc 


PREPARATION OF ALLOYS 


The material for study was made by easti 


of the appropriate composition 1n graphite 


forging, homogenizing at S00" 
The 


less than 0.003 


followed by 
quenching alloys contained less than 0.005 
lead 
detectable 
Sn, Me. and Mn 


The alpha alloy 


iron, with spectrographi« 


but unimportant amounts of Si 


press and annealed at 600°C 


randomly oriented starting 


orain size and about 1 


machine d 


tive I; 
Micros: 


ind annealed ir 


and 
0.14 


Strips 


and ) 17 in) 


temperature o U 


after an initial two hours in t] 


iling in helium in hard 


were anneal 


at 460°C in order to obtain ne 


Afte 


bath iT highe ten 


al d 


peratures 


fine dispersion of beta 


cold rolling 


recrystallization 


treatments can be in 


EXPERIMENTAL METHODS 


The areas of 
samples were determined 


sections, cut in a longitudinal directio1 


the rolled 


As Smith and Guttman"? hay 


surface 


of intersections of a random unit 
thre 


half 


relative 


a two-dimensional feature in a 


structure is exactly equal to one 


surface to volume, and the 


= 
PA. \ 
N=p) 
ind O.2501 then rc 1 with 1 luetion 2) Gx 
Mere d from the dis 
ot int t hve 
Nop mal 
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f interface are directly proportional to the 

ibers of intersections with them. 
minimize error due to anisotropy, a microscope 
ve with circular traverse was used. For linear 
ntegration measurement of volume fractions, the 
worm drive of the stage was provided with a light 


hopper which produced pulses in a photocell circuit 


ged so that they could be channelled to separate 


Fic. 2. Development of oriented plain alpha-beta interfaces 
during grain growth. Same alloy as Fig. 1, rolled 65% in alpha 
condition, then annealed at 700°C for (a), one minute ( »« 500); 
(b), 2 hours ( x 250); and (c), 288 hours ( x 250). Light areas 
are beta phase. 
counters which recorded the traverse across each 
phase separately. This stage will be described 
elsewhere. 

The results are subject to metallographic 
uncertainty, for it is sometimes difficult to classify 
a boundary as to type, and, in fine structures, the 
section cannot be regarded as strictly two-dimensional 
or the boundaries as lines without width. With 
large-grained structures these difficulties decrease, 
but they are more than compensated by the statistical 
difficulty associated with a small number of grains. 
The results given are in general subject to about 


a 5°, uncertainty. 


TWINNING IN ALPHA BRASS 

Data for twin formation in heavily rolled and 
annealed alpha brass (67.37°,, copper) are summarized 
in Table 1. The ratio of twin to grain-boundary 
area versus log average grain diameter is shown in 
Fig. 3. Variable results were obtained with lower 
reductions, the variation apparently being related 
to the recrystallization process, for reproducible 
data were obtained when samples were first recrystal- 
lized at a low temperature, and the resulting fine- 
grained material was used for growth studies at 
higher temperatures. With a given amount of 


reduction prior to annealing at or below 700°C, 
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TABLE 1.—Summary of boundary area measurements on alpha brass 
recrystallized at 500°C, 30 see, and isothermally anne: 


G 7 
Total Total 


number of number of 


I 


Specimen and (Total length 


heat treatment of traverse) 
grain boundary twin boundary 
(Imm) 


intercepted intercented) 


C-11 9 500 2525 2016 0.0038 
(500°C—30 sec) 

2.500 967 185] 0.00604 
(500°C—1 min) 

2 500 1092 O.OLLS 
(500° C—10 min) 

C9 3 900 212 1604 0.0362 
(500°C—2 h) 

C-10 52.500 OSO5 
(500°C—24 h) 


25.346 1278 -O198 
(600°C—1 min) 
52.500 1066 D3: 
(600° C—10 min) 
(1.4 25.000 996 1255 
(600°C—2 h) 
C-6 150.000 
(600°C—24 h) 
C-§ 300.000* 
(600°C—290 h) 
C- 126.446* 
(700°C min) 
(.12 25.000 
(700°C—10 min) 
C-13 250.000* 
(700°C—2 h) 
C-14 256.250* 
(700°C—24 h 
C.15 2.500 
15 see) 
C-16 75.000 
(SOO 30 sec) 
C.17 137.500 
(SOO°C—1 min) 
C.18 112.500 
(SOO0°C—10 min) 
C-.19 112.500 
(SOOC—2h 


* Sum of two individual measurements. 


the ratio of twin-to-grain-boundary area depends only 
on the grain size and is independent on the combina- 
tion of time and temperature used to produce it. 
The ratio becomes smaller for a given grain size as 
the initial rolling reduction decreases, but it increases 
approximately linearly with the logarithm of the 
average grain diameter, as expected from equation (1) 

The difference between the results obtained at 
800°C and the lower temperatures is probably a result 
of changing texture, as reported by Wilson and 
Brick,” although the grain size was too large for 
X-ray texture studies to be made to confirm this. 
The difference between these results and those of 
Hibbard, Liu, and Reiter,“!) who found a marked 
decrease in the number of twins per grain as the grain 
size increased, is supposedly also a result of textural 


changes. 


CRAIN GROWTH 64] 
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Rat 
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0.94] 
1.520 
1.328 
1.438 
15st 
1.716 
1.62°6 
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1.731 
1.5660 
4 1.605 
A 
1.299 
1.373 
‘ 1.481 
1.650 
a > 
y 
ad 
I 3. The ratio of t t 
alpha brass (67.37 yppel 


INTERFACES IN TWO-PHASE ALLOYS 


In two-phase alloys there are six possible types of 


interface: 


1. Incoherent interfaces between two 


phase 1. 


2. Twin-oriented interfaces between two parts 


of a single grain of phase 1. 


Incoherent interfaces between two 


phase 2. 


Twin-oriented interfaces between two parts of a 


single grain of phase 2. 


Incoherent duplex interfaces between phases 


l and 2 
Oriented duplex interfaces between phases | 
and 2. 


Type 4 does not appear in alpha-beta brass. Some- 


times there may be subdivisions of class 2 and 6 


corresponding to different relative orientations of 


the crystals or of the boundary, and, of course. 
the behavior of boundaries of different types merges 
into each other. For most 


continuously purposes, 


the above six classes suffice. 

If a 
identical o1 cryst lographically related orientation, 
the 


orain is defined as a volume of matter in 


then grain size is the average linear distance 


between incoherent boundaries of any type. It 


may or may not include material of different phases. 


Table 2 summarizes all data obtained with a brass 


containing 61.57 copper subjected to the various 


treatments indicated. The ratio of oriented two-phase 


interface area to that of incoherent boundary, (i.e. the 


number equivalent to the ratio of twin to grain- 


boundary 
Fig. } as a 


The difference between the 


areas in a single-phase alloy) is plotted in 


function of the average grain diameter. 
samples of the various 
two- 


treatments is instructive. In order to obtain a 


structure ol 


phase 


had 


g annealing at 500°C, then cold-rolled and plunged 


very 


small grain size the alloy 


been previously rendered homogeneous alpha by 


salt vaath at TOO"C. Recrystallization of alpha 


precipitation of beta were simultaneous, and 


+ 
presence ( 


two phases prevented subsequent 
novement ol orain boundaries except as a result 
of compositional diffusion. As growth progressed, 
the fraction of oriented alpha-beta interfaces increased 
but it did not increase there- 


of the limited 


mal kedly to about 0.4. 


after—as indeed it could not in view 


volume of beta available. It Was believed at one time 
that the increase in oriented boundaries was a result 
‘f nucleation of beta of the appropriate orientation 


in a way exactly analogous to the formation of an 


alpha twin, the driving force for nucleation being 


Later, it 


the decrease in surface free energy. was 


grains of 


grains of 


L956 


TOTAL 


RATIO Of 


Fic. 4. 


to grain 


tatio of area of oriented plain alpha beta interfaces 


boundary area 7° 
Curve I—rolled 65°,, annealed at 
Curve Ia—rolled 65°. annealed at 
transferred immediately to 675°C and held for times shown. 
Curve Ib—rolled 65°,, annealed at 700 
transferred immediately to 640°C and held for times shown. 
Curve II rolled 65°, for 
quenched, rolled 50°, TOO-C, 
Curve IlI—rolled 65°, for 24 
quenched, rolled 50° 700°C. 
On Curve I, at about 40 
from the rolling plane along the rolling direction. 


in alpha-beta brass 61.57 
71°C. 
C 


copper. 
for 30 sec, 
for 30 sec, 


annealed at minh, 
then annealed at 
annealed at 700°C hours, 
. then annealed at 


was measured on a section cut 


observed that the initial sample was far from equili- 

brium and that the amount of beta phase was pro- 
the 

that 


increasing throughout anneal (see 
Table 2) 
of supersaturation was accompanying grain growth. 


the 


gressively 


column 2, indicating further relief 


Series Ia and Ib, in which temperature was 
changed after the beginning of the anneal in order to 
decrease subsequent supersaturation, had a slight 
effect on the ratio. A very considerable effect resulted 
in Series II and III, in which cold rolling was used to 
the 


further 


break up orientation relations between two 


phases after some annealing, followed by 
annealing of the specimens at the same temperature. 

It seems, therefore, that the increased fraction of 
oriented alpha-beta boundaries that appears after 
prolonged growth is mainly a result of a selective 
crowth of those particles of beta oriented to the 
adjacent alpha in such a manner as to have a low- 
Nucleation of 


vecurs only in the early stages when considerable 


energy interface. new beta crystals 


supersaturation exists, and it does not seem to occur 
either as a result of the slight composition differences 
that are caused by boundary curvature, or as a 
result of the decrease in interface energy that would 
accompany the replacement of an incoherent with an 


oriented interface.* 


* This latter factor is sufficient in alloy 
for example, copper-silicon alloys, where the energetic factors 
particularly favorable. The large-banded 
annealing with continued 


of new bands always parallel to the old, and deformation 


some systems; 


are crystals of 


these alloys grow on formation 


does not cause spheroidization on subsequent annealing. 
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Sketch illustrating relation between dihedral 


angle and volume fraction of a second phase. 


The of oriented 
that can form is dependent on the volume fraction 
ot 


requires the oriented interface to meet the grain 


maximum fraction 


the two phases. Surface-tension equilibrium 


boundary at an appropriate angle, and this angle 


cannot be reconciled with the topological features 
ot 


of corners are occupied in the second phase. 


the grain as a whole unless the correct number 
Fig. 5 
Assuming the ideal hexagonal grain, 
dihedral of 


conveniently be accommodated in one piece up to a 
With an angle of about 60°, 


illustrates this. 


a phase with a angle about 30° can 


sixth of the total volume. 
the 
if it 


volume fraction should not exceed one-half: 


does. is actually less if 
for the dihedral 
The typical microstructure 
Fig. 
ot 


then the total energ\ 
interfaces are avoided, 


1?0 


low-energy 
angle should be 


ot a 


this. 


brass with 55 
The 


orains of the two phases. 


heta shown in 6 confirms 


structure consists chiefly unrelated 


W 


hours 


annealed two 


2(b). 


Fic. Brass 60.83%, 


100°C, 


gnt 


6. copper, 


beta. Compare with Fig. 


Contains 55 


areas are beta phase, 


interface 
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© % boundary 


| | 


B vs % INC 
os° 


if, 


30 


% 20 


Distribution of observed dihedral angles on large- 


Fic. 7. 
grain alpha-beta brass. (Specimen shown in Fig. 2(c).) 
INTERFACE ENERGY MEASUREMENTS 
The of dihedral 


existing in a typical alpha-beta structure of large 


statistical distribution angles 


orain size is shown in Fig. 7. Treating these angles 
according to the rudimentary principles of surface- 
tension equilibrium and taking the _ incoherent 
alpha-grain-boundary energy as unity, they correspond 
to the for the other 
1.00 (Standard) 
0.85 (Point B) 
or 0.82 (Point 4) 
0.23 (Point B) 


1.00 (Point C) 


following energies interfaces: 
(incoherent) 


(incoherent) 


(oriented) 

(incoherent) 
The two values of the random alpha-beta interface 
are in good agreement with each other. The lower 
value previously reported") probably resulted from 
unwitting inclusion of some _ oriented interfaces. 


RELATIVE ORIENTATION 
MEASUREMENTS 


The metallographic studies described above were 


done on the basis of the visual appearance of the 


interfaces, it being assumed that a straight interface 
and a small angle with a grain boundary corresponded 


X-ray 


examination of the relations gave unexpected results. 


to a crystallographically oriented interface. 


For orientation determinations, four comparatively 
(0.20 to 0.30 mm diam.) selected 


had 


One of them is shown in Fig. 8. 


large grains were 


in the specimen that been used for dihedral 
angle measurements. 
Back-reflection Laue patterns were obtained, using 
a fine-beam collimator (0.010 in. diam.) and a specimen 
holder which permitted exact location of the beam on 
a chosen microscopic feature. For each boundary 
to be studied, two exposures were made, one showing 
reflections from both alpha and beta crystals and 
the other registering only one (selected by painting 
over its surroundings with lead paint) to permit 


easy identification of spots. 


| 
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@ BOUNDARY 
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Fic. 8. Another area of specimen shown in Fig. pa 


grain parts whose orientations were measured Dotted line 


show predicted direction of ideal interface plane 11] L110 


The relative orientations of nine different beta 
crystals with respect to adjacent alpha crystals, 
with which they shared an apparently oriented 
interface and from which they had _ supposedly 
precipitated, were determined. In each of the nine 
cases it was found that the following relations held 
within two degrees: 


(111), (110) 
L10 


This orientation relationship is identical with that 
found by previous investigators of the alpha-beta 
transformation in the copper-zine system, regardless 
of whether the new phase is formed by precipitation 
on temperature change (see, for example, O. T 
Marzke™*) by peritectic reactions?) or by diffusion”? 
Measurements on the rather irregular outline of 
the needles formed on precipitating alpha from beta 
convinced Mehl and Marzke"® that there was no 
simple low-index plane corresponding to the interface, 
despite the simple orientation of the grains themselves 
The appearance of the microstructure of the present 
annealed polycrystalline alloys strongly suggested 
that a simple crystallographic plane was involved, 
for the similarity between the straight interfaces 
and twins was most striking. Measurements failed 


to confirm this, however. 


The grains in the specimen referred to above were 


too small for sectioning in another direction in orde1 


the 
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precipitated in corner of beta gi 


ntained 57.22%, copper, annealed 


held 64 hours, 


slowly 


] 


direction of sé 
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ooled to 62 


col 


id section 


Stereographic 


1B 
10. 


ites pole 


open figures) and alpha crystal a (solid figures ) 
Bal is the B/a interface, 


position 


rojection showing orientation 


trace normal 


B 


1 intertace. 


ol 


a 


In 


giving 


f 


X 


that it is unmistakably flat be explained? It must be 
that its energy is relatively insensitive to orientation 
as long as it contains the close-packed directions 
and that it is plane simply because this is the con- 
figuration of lowest possible area within a peripheral 


line established by the required dihedral angle in 


equilibrium with the grain boundary, which is of much 


higher energy. The fact that curvature is so rare in 
these interfaces suggests that they have a very high 
degree of mobility. Such high mobility may be a 
characteristic of any lattice interface with lines of 
perfect registery separated by unavoidable disorder, 
for lateral diffusion can never produce a _ tighter 
structure in such a boundary and only very few of 
the atoms need to change their neighbors as the 


boundary advances. 
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GLIDE IN LEAD TELLURIDE* 
W. A. RACHINGER 


The occurrence of (100) glide in lead telluride has beer 
Rocksalt, which has the same crystal structure, glides in (110 
terms of the bonding energies of the compounds. At low bondi 
movement of coupled partial dislocations of the ty pe ga{00] 
could not exist and perfect dislocations of the type } W110 


GLISSEMENT DU TELLURURE DE PLOMB 


L’existence du glissement (100) dans le tellurure de plomb a été vérifiée au moyen dé 
prismatique. Le sel gemme quia la méme structure cristalline, glisse dans les directions 
étre expliqué au moyen des énergies de liaison des composés 

Pour les basses énergies de liaisonk comme dans le cas de Pb Te, le glissement résulte du 1 
dislocations partielles couplées, du type }a[001]. Pour les sels ioniques cependant, des 
partielles ne pouvant exister, on doit attribuer le glissement aux dislocations parfaites du t 


GLEITEN IN BLEI-TELL 


In Blei-Tellurid wurde das Auftreten der Gleitrichtung (100) mit Hilfe des 
Verfahrens (prismatic punching) verifiziert. Steinsalz, das dieselbe Kristallstruktu 

110)-Richtungen. Dies kann auf Grund von Verschiedenheiten in der Bindungsene1 
dungen erklart werden. Bei kleiner Bindungsenergie, wie in PbTl, erfolgt das 
Bewegung von gekoppelten Teilversetzungen vom Typ 4a/001 In Ionen- Kristal 
diese Teilversetzungen nicht existieren. Daher sind beim eit ollstandigs 


Typ 3a{110] wirksam. 


It has been reported” that lead sulfide deforms the thickness of the crystal and the relative positions 
by glide in both the (100) and (110) directions. of the indentation and the bump. If the crystal fa 
Sodium chloride, which has the same crystal structure, is perpendicular to the glide direction, thi 
but is of a strongly ionic character, glides exclusively assumes the shape of a right pyramid 
in (110). The occurrence of (100) glide in PbS is of | bounded by slip plane traces. Thus the 
interest, since it illustrates the dependence of glide of (100) glide in PbTe could be readily che 
direction on bonding energy, (100) glide being indentation on a {100} face 
favored by low energies. 

Of all the components having the NaCl type of EXPERIMENTAL 
crystal structure, lead telluride has the lowest heat of Single crystals of PbTe, 3mm in 
formation. Since tellurium is less electronegative grown in an evacuated silica system 
than sulfur, PbTe would be expected to be of a more’ the melt at 7-C per hour. Chemic 
metallic nature than PbS. Thus, (100) glide should the composition to be 61.06 wt. per c 
occur in PbTe. In order to investigate this, use was wt. per cent tellurium. Oscillating cryst 
made of prismatic punching, this being ideal for photographs revealed the compound to b 
showing (100) glide even in the presence of other structure with lattice parameter a 
operative glide systems. In this method a thin single- room temperature the crystals wer 
crystal plate is indented on one surface. This causes cleaved readily on {100} planes 
a prism of material bounded by four sets of slip Single crystal slabs, approximately 
planes to move bodily through the crystal in the glide were prepared with both faces metallo 


direction and produce a pyramidal bump on the _ polished. In some cases the faces wer 


opposite face. Since the glide direction is the line faces, in others they were random section 


joining the indentation and the py ramidal bump, this the crystal. The usual technique of prismatic punching 
direction may be readily determined by measuring is to support the crystal slab, eithe1 


ailesiimnesia periphery or on a soft backing 


* Received March 9, 1956. surface with a conical indente! 
+ Aeronautical tesearch Laboratories, Department of 
Supply, Melbourne, Australia. 
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brittleness of PbTe, appreciable deformation could 


directions. Th 
g ergies, as Pb 
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this method only at temperatures of 


above. Measurements of the pyramidal 


both {100! and randomly cut surfaces 


slide direction to be (100) and the glide 


were 
Thin 


crystal slabs were set inside perspex blocks and an 


elements at room temperature 


etermined by a modification of this method. 


indenter was introduced through a fine hole in each 


In this way, the crystals, which were firmly 


bloek. 


supported and enclosed by the perspex matrix, could 


be indented without cleavage. Measurements on 


the pyramidal bumps showed the glide elements to be 
20°C. The compound is known to be 


NaCl this 


LOO! at 


ordered and to have the structure at 
temperature. 
DISCUSSION 

Studies of the geometry of plastic deformation in 
compounds having the CsCl structure have shown 
that the glide direction is dependent on the bonding 
a similar situation 
NaCl, a typical 
a heat of formation of 98.2 kcal/mole, 


110}, PbTe, 


as a heat of formation of 16.6 kcal/mole and whose 


energy ol the compound, Here is 


with compounds of NaCl structure. 


salt with 


ionic 


has glide elements whilst which 


bonding is of a more metallic character, has been 


shown to glide on the (100) {110} system. The change- 
over in glide direction may be explained in terms of 
bonding energies 

Consider dislocations in a NaCl structure, capable 
L1O plane, having Burgers vectors equal 


af111 


of slip on a 


to unit lattice vectors. These are . and 
Dissociations of these are possible. 

sa{ 110 

This dissociation would certainly take place, since 


the Sal 


aloo] 
110 - a 
reduction in dis- 


It lf ids TO a 


energy, 


ations being perfect 


11] al llo OO] 

reaction does not lead to a reduction in energy. 
. a{110) can dissociate as in leading to a 

thus 


L10 


decrease in energy. 


la lal aloo] 


iii) af001 stacking fault. 


the 
the 


This disso lation can take place only when 


stacking-fault energy is sufficiently small, i.e. 


bonding energy of the compound is not too high. 
The 
seen by imagining the plane DE FG of Fig. | slipped 
the [O01] 


structure of the stacking fault can be readily 


through one interatomic distance 3a in 


direction. 
Thus, the dislocations most likely to take part in a 


slip process are ha 110] and those of the OOL| type, 
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half of the cell of the NaCl 
two possible glide directions for plane 


DABC. 


structure, 


DEFG 


Fia. l. One 
showing the 


unit 
slipping across plane 


The 


locations, effective in causing slip in a given compound, 


| dis- 


either a[O01] or coupled 3 pairs. 


are determined by the geometry of the slip process 


and the electrical interactions between ions in the 
neighbourhood of the dislocation. 

Disregarding electrical interactions, the structure 
may be considered as simple cubic. Slip would occur 


in the [00] 


110}. 
in the grooves in the underlying layer (e.g. the line 
of atoms DE in Fig. | 
OA and Hk). {110 
tates the ion # “riding over” the ion H. 


close-packed direction in preference to 
since [OO1] glide involves rows of ions sliding 
slides in the groove between 
clide, on the other hand, necessi- 

The effect of electrical interactions is best illustrated 
by two extreme cases. 

(a) If the 
locations capable of glide on (110) would be of the 


bonding energy is low, all [O01] dis- 


extended tvpe consisting of two Sa OO] dislocations 
fault. Since the coupling 
that 


connected by a stacking 


distance between these is unlikely to be such 
hollows 


this 


their potent ial energy 
for 


coupled pair is likely to be lower than that for moving 


they both sit in 


simultaneously, the Peierls force moving 


a ja{110]) dislocation.” Thus, [001] glide is to be 


expected. 

(b) If the bonding energy is high, stacking faults 
cannot exist and consequently all [001] dislocations, 
if these exist, would be of the type a[O001]. Since 


movement of these dislocations would involve 


bringing whole rows of like ions into nearest-neighbor 
positions (e.g. the ion at .Z would move into position 
E in the half-slipped configuration), it is unlikely 
Movement of 


that the dislocation would be mobile. 


1q{110] dislocations does not necessitate like ions 


£5 
+ 
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being nearest neighbors. Thus, glide should be in 
the [110] direction. 
In NaCl, case (b) applies, the electrical interactions 


over-riding any geometrical considerations and the 


compound glides in (110). In the weakly bound 


PbTe. case (a) Is applicable, clide being in LOO). 
PbS with a bonding energy intermediate between 
those of NaCl and PbTe is an interesting borderline 


case in which both (100) and (110) glide occurs. 
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THERMAL AND FORCED DIFFUSION OF OXYGEN IN 8-TITANIUM* 
FERNAND CLAISSE+ and H. PAUL KOENIG? 


r reports on a study of the diffusion coefficient and mobility under the influence of an electric 


re) i? 
en in sol 


solution in /-titanium. The experimental arrangement and the procedure 


] 


d 
followed is such as to vield a pair of values, one concerning diffusion and one concerning mobility in each 


experiment. This permits the judicious application of the Nernst-Einstein relationship relating the 
above-named efficients to the charge carried by the migrating atom. A negative excess of 0.4 
electron units is here found to be carried by the oxygen atoms. 

The exponential variation of the diffusion coefficient with temperature is best expressed by the 


1] 
equation: 


D be 31,200 + 2000)/RT 


iis equation are compared with theoretical and existing experimental values. 


DIFFUSION DE L’OXYGENE DANS LE TITANE /£ 


est relatif a une étude des coefficients de diffusion et de mobilité de oxy gene en solution 
solide dans le titane / en présence d’un champ électrique. L’équipement et la méthode des essais sont 
tels que chaque expérience permet d’obtenir une couple de valeurs, l'une relative a la diffusion, l'autre a la 
On peut ainsi appliquer judicieusement la relation de Nernst-Einstein, relative aux coefficients 
a la détermination de la charge de latome diffusant. On trouve ainsi que la charge portée pat 

itomes d oxygene est en exces de 0.4 unités de charge ¢ lectronique. 
ation exponentielle du coefficient de diffusion avec la température s’ exprime au mieux pal 

on suivante: 


D 10 exp. 31.200 2? OOO)/RT 


es valeurs déduites de cette relation sont comparées avec les valeurs théoriques et expérimentales. 


THERMISCHE UND ERZWUNGENE DIFFUSION VON SAUERSTOFF IN p-TITAN 


dieser Arbeit i iir Sauerstoff in fester Lésung in f/-Titan der Diffusionskoeffizient und die 
t unter den “influss eines elektrischen Feldes untersucht. Versuchsanordnung und 

ung sind so angelegt, dass jedes Experiment zwei Werte liefert, von denen sich das eine auf 

on und das andere auf die Beweglichkeit bezieht. Dies erlaubt die richtige Anwendung det 

en Beziehung. welche die obengenannten Koeffizienten mit der Ladung verkniipft. 

dernde Atom tragt } g sich, dass die Sauerstoffatome eine negative Ladung von 0,4 


turabhangigkeit des Diffusionskoeffizienten wird am besten durch die folgende Gleichung 


L0-? exp 31200 2000)/RT 


werden mit theoretischen und bestehenden experimentellen Werten 


INTRODUCTION high concentration. the saturation limit being 34 at. 


‘he knowledge of the state of gases in solid solution per cent. in the « phase.“ 
is rather limited, and this is so even in The subject of the present report is an experi- 
ose particular cases where known abnormal physical mentally obtained measurement of the charge associ- 


yperties causing very interesting speculations ated with the oxygen atom in solid solution in 
been a stimulant to research. One of  /-titanium. A measure of the diffusion coefficient as 
cases is that of oxygen, which in solid titanium a function of temperature is obtained as a byproduct. 


form interstitial solutions having surprisingly Note should be made of the fact that these experi- 


ag? ments were done on the / phase of the metal in order 
Quebec to bring the diffusion processes within a convenient 
iS In laboratory time-scale, even though the solubility 
‘quirements tor the rree oft 
Graduate School of Université Of oxygen here is not at all as spectacular as it is in the 
‘al. 
Quebec Departme f Mines. Laboratories Branch. Ax 
esearch Division, e, 1ada. Published by permission Che method used involves the experimental measure- 
of the Deputy Minister, Department of Mines, Quebec. 
Department iysics, Université Laval, Quebec, ‘ 
Canada. solid titanium under the influence of an electric 


x phase. 
ment of the forced migration of the oxygen atoms in 
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field. 


true one, produced by thermal agitation, and the 


In experiments of this type, the diffusion is a 


ensuing migration reflects the unidirectionality of 
the field. the 
Nerst-Einstein relationship®:*®) giving the mobility 


electrical Therefore, well-known 
of the diffusing particle as a function of the charge 
carried and of the coefficient of diffusion, is applicable. 
Thus: 


(1) 
p 


where B mobility or speed of displacement of the 

atoms in a unit electric field. 

diffusion coefficient. 

number of unit electronic charges pro- 
ducing migration. 
unit electronic charge. 

k Boltzmann constant. 

absolute temperature. 


verified i its 
the 


This formula has been accurately 
original form for colloidal particles and in 
modified form given above for electrons in 
germanium. 

that diffusion coefficients 


extent 


However, from the fact 


usually vary to a great with grain shape, 
grain size, and purity of the metal, it is obvious that 
mobilities and diffusion coefficients from 


be the 


the use of 


two different sources may cause of serious 


errors in the ensuing computation of x. An example 
of such disquieting results is that of hydrogen in 
palladium, where the following values of » have been 
successively quoted: 0.001, 0.04, 0.4.°% Therefore, 
diffusion coefficients for oxygen in 


even though 


titanium have been reported recently,’®) we have 
chosen to complement our measurements of mobility 
by a parallel set of measurements of the diffusion 
coefficient, a pair of each values being obtained from 
a pair of independent simultaneous measurements in 
Thus, 


each experiment. perturbing influences on 


the value of x of such factors as grain size, purity of 


concentration of variations in 


which effect both Band D equally, 


the metal, 


temperatures, etc., 


oxygen, 


are eliminated. 
The complete procedure consists in: 


(a) The introduction of a very small quantity of 
oxygen at a point of a long pure titanium wire. 
(b) The heating of the wire by an electric current 


in a high vacuum, thus modifying by diffusion 


the initial distribution of oxygen, till it suffi- 


ciently resembles the gaussian distribution 


>) (7) 


given by equation (2). This distribution is 


DIFFUSION OF 


OXYGEN IN 651 


the starting-point of the experiment; it defines 


a time to which should be added the measured 


time of further controlled diffusion 


A 


r- 


t Di 


exp | 


2V 7 Dt 


oxygen concentration at port 


wire 


total quantity ot oxygen 


expression is normalized 


diffusion coefficient 
total time 


The this formula assumes that the ox 


initially introduced in the wire is 


use of 
concentrated 
length which is small compared to that whicl 
used in the measurements 


that 


subsequently he 


limitation pe 


{} 


has been taken this 
complied with 
The 


unidirectional 
heating the 


c subsequent forcing of 


migration by the use 
wire 


current for 


The spreading with time 
oxygen distribution along the \ 


D, while the 


will provide for values of B 


migration towal 


EXPERIMENTAL 


aon 


TDA 


The 


mm in 


diffusion experiments were 


titaniun 


diameter made of 


present 


coating ol copper, which WAS still 
drawing process, was removed by dipping 
into a solution of hydrogen peroxide in 


and 
+ 


metal Gave ul tT about 


ammonia Spectrograph chemi 


ot the clean 


copper being the most int impurit 


A workable distribution oxvgen is 


the following way a length of wire 


two insulated brass 


Vises mn 


surrounding air has been replaced by 


an alternating electrical current 
wire, the unclamped 
and is maintained s« 
about 1 mm oxidizes, the 
much higher in the cente1 

it 


Hg 


oxvgen ofl 


then dissolved into the wire by 


for two hours in a vacuum of This 


heat treatment causes a diffusion 


such a type that the gaussian distribution referred 


with a central 


cent. Most 


to above is effectively obtained. 


concentration limited to some 2 at. pet 


of the grain growth has also taken place, giving 


| 
2 
where C = (ES n th 
B n¢ | 
a Statistl 
the sh; | The 


MET 


if some length with most 


to 4mm in 
undaries running across the wire and some- 
perpendicular to its axis. This orientation is 


tageous. since it decreases grain-boundary 


Che curve giving the concentration of oxygen as a 
ction of its position in the wire is subsequently 
instrument which could be called 
This 


the 


btained from an 
registers as a 


the 


‘resistometer. instrument 


‘ontinuous curve mean resistance along 


titanium wire, as measured between two contacts 
mm apart while these are moving along said wire. 
This movement is svnchronized to that of the speedo- 
max recorder chart, the ratio of the displacements 
being 7:1, so as to obtain an enlarged and more 
easily readable trace. 
Now, it is known that oxygen in zirconium increases 
the resistivity linearly with concentration at least 
10 at. 
that sufficient linearity, up to 2°,, also exists for 
In fact. 
verified by Jaffee and Campbell.7° 


Before 


up to per cent.” It has here been assumed 


titanium. linearity up to 1°, has been 


starting the experiment, two superficial 


markings involving small deformation of the wire 


are made at about 15 mm in both directions away 
from the region under observation. These markings 
have no appreciable influence on the resistance of 
the wire and on our consequent knowledge of the 


electric field prevailing in it, but are efficient in 
causing a sharp anomaly on the resistometer curve, 
thus forming reliable reference points. 

The diffusion in each experiment is done by periods 
The curve of concentration of oxygen along the wire 
before and after each period. The progress 
the 


IS traced 


of diffusion. which can be characterized by 


product Dt in the 


») 


argument of the exponential 


is measured by comparing, at each 
» observed distribution in the wire (resisto- 
curve, see Fig 


cnown Dt values. At 


oravity of the distribution is noted. 


1) with gaussian curves of 


the same time the center of 


For each experiment the value of D is obtained by 


plotting 
straight line drawn through the points. 


the hest 


Similarly, the change in position of the center of 


gravity of the oxygen distribution relative to above 
explained markings was plotted as a function of time. 
the line thus obtained gives 
the 


Evidently the slope of 


the mobility directly observed in prevailing 


constant electric field. 


As usual, the temperature of the wires was kept 
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Dt against ¢ and measuring the slope of 
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constant as much as possible by adjusting the current 
when necessary. It was found unnecessary to change 
the voltage by more than 2°, to keep the temperature 
constant during a complete experiment. The tempera- 
and 


ture was measured periodically with a Leeds 


Northrup optical pyrometer. In order to prevent a 
deposit of evaporated metal on the glass wall through 
which temperature readings were taken, a shield, 
operated from the outside by a magnet, was used. 
srilliance temperatures were converted to absolute 
temperatures by the use of emissivity coefficients 
taken from Bradshaw’s"! tables. 

The electric field was obtained to sufficient accuracy 
by measuring with a potentiometer, the voltage 
between two points on the wire, these being chosen in 
the region of uniform temperature in order to elimi- 
nate the effect of lower resistance of the cold ends. 

RESULTS 

To show the type of curves from which measure- 
ments of D and B were made, curves representing 
the progress of diffusion as a function of time at 
1L510°RK, the 


reproduced in Fig. 1. Usually these graphs were 


such as given by resistometer, are 


obtained three times for each stage of the diffusion. 
the wire being rotated by 120° on its axis each time 


in order to eliminate surface effects from resisto- 


meter readings. As mentioned above, the value of 


Dt for each experimental distribution is obtained 


by choosing, from a_ sufficiently numerous set, 


the precaleulated gaussian curve that will best fit 
The 
from six observers was taken as the measure. 
the 
observers was accepted as the experimental error. The 


value 
The 


these 


the resistometer trace. mean observed 


spread in measures decided upon by 


plotted as a function of time in Fig. 2. 


Fig. 3 


results are 


Similarly, gives the displacements towards 


Cathode 


Arbitrary Units 


Fiducial Morks 


OXYGEN CONCENTRATION 


Resistometer curves showing the 


Fic. 1}. 
the diffusion and 
Operating temperature 1510°K. 


progress of 


migration of oxygen towards the anode. 
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Fic. 2. Progress of diffusion as a function of time. 
Since only the slope of these curves is used, they have been 


made to pass through the origin. Moreover, for all of them, 


DIFFUSION COEFFICIENT 


the experimental pot close to the origin has been omitted 
Some curves have been omitted in order to simplify the 


drawing. 


the positive end of the wire of the center of gravity 


of the distribution of oxygen, as a function of time 

The values of D calculated from the slopes of 0.60 0.65 070 x1io°% 
RECIPROCAL OF THE ABSOLUTE TEMPERATURE 
Diff 


the straight lines of Fig. 2 are plotted in Fig. 4 on a 


logarithmic scale as a function of the inverse of 


the temperatures. The best straight line obtained 


by the method of least-squares obey s the relation: 
D 0.083 exp || 31.200 2000)/ RT (3) 


Using Nernst-Einstein relationship and equation (3), 
curves of the values of log B as a function of the 


inverse of the absolute temperature for different 


values of n were drawn in Fig. 5. The curve that 
best fits the experimental points corresponds to 
n (0.4. 


cm? es.volt™ 


MOBILITY 


'SPLACEMENT 


0.60 065 O70 xio°> 
RECIPROCAL OF THE ABSOLUTE TEMPERATURE 


of time. 5. Mol 
Since only the slope of these curves is used, they have been of the 


Fic. 3. Migration of the center of gravity 
distribution towards the positive end of the wire, as a function 


made to pass through the origin. Moreover, the point close 
to the origin has been omitted for clarity. Two curves are 


not shown. 
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DISCUSSION 


The first thing which can be observed in Fig. 2, 
which, we recall, shows the progress of diffusion as a 
function of time, is the interesting linearity; this in 
spite of the fact that the actual values of the con- 
at places by a 


that the 


locally measured 
This 


coefficient of diffusion is relatively independent of 


centrations vary 


large factor. observation suggests 


concentration, at least in the range used here, which 
As in these experi- 
if the 


goes from 0 to 2 at. per cent. 


the concentration changes with time, 


coefficient of diffusion were strongly dependent upon 


ments 


concentration the value of D would also change with 
time and the relation between Dt and t would not be 
linear. 

Our value of the activation energy, as computed 
those in other 


by equation a), comparable to 


metals where the crystal lattice and the crystallo- 


graphic parameters are equivalent (Table 1). It is 


quite different from the value of 48 200 cal/g at. 


reported by Wasilewski and Kehl.‘ 
A relation 


D, and the activation energy @ for pure 


between the so-called “frequency 


factor’ 
been proposed by 


Zener: it 


intracrystalline diffusion has 
Wert and Zener 4 


written 


and by cab be 
REQ 
exp 
RT, 
du T, 
u,dT 


constant, characteristic of the type 
lattice, 

lattice parameter, 

Debye frequency, 

constant, characteristic of 


diffusion, 


the type ot 


1956 


gas constant, 

elastic modulus at O°K, 

elastic modulus, 

melting-point of the metal. 
For diffusion of interstitial atoms in body-centered 
lattices, and A are respectively equal to 
1/6 and 


Unfortunately, because /-titanium is not stable 


cubie 


below 882°C, no data on the temperature coefficient 


of uw is available. It is found, however, that the 


experimental values of D,) and Q are consistent with 
equation (4) if & has a value of 0.54. Now, there is no 
great risk in stating this value with such precision. 
To compare it with experiment one would have to 
know the value of uw as a function of 7 for /-titanium, 
which, to our knowledge, is not in the literature. 
curve for 


the 


Moreover, if from the already known 


x-titanium one tries to figure out what curve 
should or could be for /-titanium, it is found that 
But 


it lies between 0.2 and 0.6 for most metals for which 


E could be almost anything between O and 1. 


data are available. 
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TABLE 1. Activation energya@ f oxygen 
Meta Reference 
Nb 27 3.20 
Ta 28 3.29 
Ta Zu 3.29 
r 31.2 3.31 
Li 18.2 3.31 
= 
D 
with 
yvnere of 
a 
; 
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LETTERS TO THE EDITOR 


On the Mechanism of Intercrystalline conceived by Zener™) and recently experim 
Cracking * demonstrated by Chang and Grant. Ther 
In the January 1956 issue of Acta Metallurgica, possible directions to boundary gs relatiy 
R. D. Gifkins proposed a mechanism for the formation horizontal boundary, Namely 
of intercrystalline cracks when boundary sliding boundary is traversed from left 
occurs.” In his mechanism, tensile stresses are 8"#in is sliding to the right 
developed at suitably oriented jogs along the grain 


boundary, as a result of slip in the grains which does 


not completely pass through the boundaries. Afte1 


sufficient dislocation pile-up at grain boundaries, 


these tensile stresses may exceed the fracture stress. 


If boundary sliding occurs concomitantly, the (3) SEPARATE FRACTURED 


TINUOUS 


fractured surfaces at the jog are separated to produce 
| 


intercrystalline cracks. 


As a result of an experimental investigation 


conducted in the previous year,?) we had come to a 


different conclusion about the mechanism of inter- 
DEVELOP TENSILE STRESSES DEVELOP FRACTURE ACROSS 
crystalline void formation, which, however, requires, : 


as does Gifkins’s, the existence of boundary sliding 
and boundary jogs. In particular, Gifkins calls 
upon dynamic slip in one of the bounding grains, 
which is partially accommodated by slip in the other 


: : grain, then compressive stresses 
bounding grain, to produce the grain boundary jogs 
up jogs and tensile stress 
Further, he calls wpon the piled-up dislocations at ' 
down Fig. 1 illus 
the boundary jog to produce the tensile stress that is 
magnitude of the STTess 
supposed to produce the local fracture at the jog 
upon the shear relaxatir 

the boundary area of 
“uP JOG" 

GRAIN mechanism, the boundal shidu 
BOUNDARY 


necessary conditions for the producti 


crystalline cracks 
that result in fractu 
also it st 
illustrates 


on tne 


TO sepal 
GRAIN I 
The « xperiment 


relate tO the hece 


Fic. 1. Stresses induced by bo 
in the direction shown : sliding i order to 


Bicrvst Is w . Ow m 99.999 


On the other hand, we believe that the boundary mens were cut from one bicrystal 
slip (inability of the grain boundary to maintain — orientation relative t 1e boundary 
shear traction) at high temperature will lead to the all specimens. For one series of 
formation of dilational stresses paralleltothe boundary — shear traction was applied pa 
at regions where the boundary slip is impeded, boundary at 1200°F for 20 ho 
such as at abrupt jogs along the boundary or at apparatus. For another series 


grain corners. The latter possibility was originally tensile stress of 1000 p.s.i 
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STALLURGICA, 


‘ted to shear parallel to grain 


boundary. 
150. 


developed along grain 


ns: 600] 482°C, 20 hours in H,, as polished, 


the boundary for 10 hours at 1200°F. For a third 


series of specimens, shear traction, applied as before 
parallel to the boundary, Was succeeded by tensile 


stress, above. normal to the boundary. 


applied 
The results of the tests were, that with shear alone 
some voids were found along the boundary. With 
tension alone, no voids were found at the boundary. 
With shear. followed by 


the 


tension, many voids were 


found 
etching 


boundary. Both diamond polishing 


and techniques were used. Typical results 
are shown in Fig. 3 

is apparent, therefore, that boundary shear is a 
necessar\ condition for the formation of intercry stal- 
line voids (cracks). Unfortunately, our experiments 


were performed prior to a knowledge of Gifkins’s 
serve to distinguish between 


We are 


nts to so differentiate 


mechanism, and do not 


his concepts and ours now performing some 


simple experi In any case, 


it is apparent that grain-boundary sliding is a necessary 


prerequisite in order to obtain intercrystalline cracking. 


E.S. 


CHEN 


MACHLIN 
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Au Sujet de la Mise en Evidence de la 
Polygonisation de Aluminium par la Methode 
des Rayons X et par la Micrographie* 


Sous le méme titre. M. de Beaulieu” a récemment 


comparé les importants résultats obtenus au labora- 


toire du Professeur Chaudron avec nos_ propres 


observations.‘ 


VOL. 4, 1956 


D’apres lui, les fragmentations des taches de 


diffraction X 


spondraient pas au méme phénomene. 


obtenues dans les deux cas ne 
Des 


corre- 
mono- 
cristaux d’aluminium trés pur faiblement déformés 
poly goniseraient uniquement vers 630°C. 

Nous voudrions préciser exactement notre point de 
vue. 

Il est d’abord certain que la méthode que nous 
avons proposée®) possede une sensibilité supérieure 
1 celle de Guinier-Tennevin.“ M. de Beaulieu peut 
difficilement détector dans ses cristaux des sous- 
crains d’une taille inférieure au dixiéme de millimétre. 
I] lui est done impossible de asvoir si, pour les traite- 
ments effectués a des 


thermiques températures 


inférieures & 630°, une sous-structrue plus fine n'est 
pas déja présente. En fait, méme dans des cristaux 
moins purs, nous avons trouvé des stries nettes dans 
les taches de diffraction enregistrées immédiatement 
apres une déformation faible (quelques °,) et nous 
avons pu suivre leur évolution apres divers traite- 
ments thermiques. 

Nos observations peuvent se résumer de la maniére 
suivante. 

|. En-dessous d'une certaine gamme de tempéra- 
tures, les sous-grains formés directement a la tempéra- 
ture ordinaire intervention du 


(Sans processus 


thermiquement activé de Cahn) ne semblent pas 


croitre dune maniére importante. La matrice 
élimine progressivement les courbures locales présentes 
a coté des sous-grains parfaits et plus ou moins 


continues. Ce mécanisme peut etre probablement 


identifié a la diffusion et a la réorganisation des 
dislocations. c’est-a-dire a ce que lon appelle vénerale- 
ment la “*polygonisation.”’ 

2. Au-dessus de ces températures (variables suivant 


la pureté du métal, de la déformation, ete.), une 
croissance réguliere de certains indiv idus se développe 
avec conservation d’une haute perfection interne pour 
chacun des sous-grains. Dans les observés, 
cette étape se déroule dans une matrice déja entiére- 
ment polygonisée et peut étre caractérisée par un 
simple processus de croissance. 
3. Par contre, au voisinage du point de fusion, une 
sous-structure a larges domaines moins parfaits se 
forme quelquefois (aussi bien dans le fer que dans 
aluminium). Cet état nous parait correspondre a 
ce que Crussard”) a appelé “‘recristallisation in situ.” 
Il est 


Beaulieu se rapportent a cet état. Quoi qu’il en soit, 


probable due les observations de M. de 
nous n’avons jamais observé la formation de ces 
grands sous-grains imparfaits directement a partir de 
cristaux ne contenant pas au préalable une sous- 


structure a caractére parfait. Il importe de remarquer 
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qu'une telle observation requiert une technique a 
haute sensibilité. 
Enfin le caractére stable de l'état polygonisé 
peut étre clairement illustré par le fait queles mono- 
cristaux que nous avons examinés ne recristallisent 
pas a l'état solide. 


Laboratoire de Cristallographie H. Lampor. 
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Me tallurgique Ss ( Liege ) 


REFERENCES 


Acta Met. 4, 100 (1956). 


. C. DE BEAULIEt 
VASSAMILLET, et J. DesgAcE Acta Met. 


H. Lamsor, L. 
8, 157 (1955). 
H. LamsBor, L. 
1, 711 (1953). 
. A. GuUINTER et J. TENNEVIN Acta Cryst. 2, 
. C. Crussarp Rev. Metall. 45, 317 (1944). 


1956. 


VASSAMILLET, et J. Desace Acta Met. 


133 (1949). 


* Received April 27, 


Investigation of Pure Iron and Soft Steel 
with the Electron Microscope* 


Introduction 

The Research on pure metals is of great theoretical 
importance. The two most interesting subjects are 
the verification dislocation theory and the mechanism 
of slip. The advantage of using a pure metal is 
obvious, as no complications arise from precipitates 
The 
iron investigated is of 99.99°,, purity. Samples were 
Fast of 


and less complications from dissolved atoms. 


kindly put at our disposal by Prof. J. D. 
the Philips Physical 
The scope of this research was to develop a method 
the 


whether the same etch 


Laboratory at Eindhoven 


of etching, clearly showing 
the crystallites and to see 
effect 


etched specimens were deformed to examine the effect 


could be obtained on soft steel, Moreover. 
of slip. 
Experimental Method 

After preliminary experiments, we decided to use 
an electrolytic polish etch, which has the advantage 
that no deformation results from preparation. A 
commercial apparatus, the Disa Electropol, was used 
with a bath on a perchloric-acid base (Electrolyte A-2), 
by which aluminum was etched beforehand. 

The 


First, a negative silver replica is made by evaporation 


method of replication used is as follows. 


of silver in vaccum onto the specimen. This replica, 


of about 7-u thickness, is easily removed from the 


specimen. A second positive replica is deposited on 
the first by evaporation of carbon in vacuum. After 
dissolving the silver in nitric acid, washing and drying 


of the carbon replica, the replica is shadowed with 


THE 


substructure of 


EDITOR 


tungsten oxide, generally under an 
The electron microscope used was that of the E.M 
Department 


Dr. J. B 


Division of the Technical Physics 
T.N.O. T.H. at Delft. We thank 


le Poole for his kind help 


and 


Experimental Results 


The method of etching used gives as a rule etch 


marks, which are protruding from the surface 


The subboundaries in the ferrite crystallites form 


isonable 


and this makes it r to suppose 


small dikes, 
that, though generally etch pits mark the location 
etch 
dislocations. A reason for the 


of dislocations. the marks found in our cast 


indicate the site of 


etch figures being hills rather than holes might be that 


there are still interstitial atoms present whicl 


concentrate around the dislocations and lower the te 


of attack, as Dr. J. Nutting of Cambridge. U.K 


suggested to us 
result of ; 


Figs. 1 and 2 show the 


Fic. 1. Pur 
{ 
¥ A 


METALLURGICA, 


re iron heavily etched. 16,000. “1G. 6. Cementite in soft steel. 8.000 


as Fig. 3. Double subboundary. “1G. 7. Soft steel deformed after etching. 8.000 
16,000 


. 8. Same as Fig. 7 at grain boundary. 8,000 
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t steel heavily etche eg 
ched. 8,000. 


TO 


results in rather rounded hills and subboundaries like 
Heavier etching gives etch figures 
the 


a string of beads. 
the of 
boundaries show up as segmented dikes, as can be seen 
in Figs. 3 and 4. The subboundary in Fig. 4 shows 
of that of 


theoretical interest. The rather regular orientation 


in form small pyramids, while grain 


a double array dislocations might be 
of the sides of the pyramids makes it clear that they 
approximate crystallographic planes. The determina- 
tion of their orientations will be attempted in the 
near future. The same etch figures have been obtained 
on commercial soft (0.059, C than 
0.1°% of both Mn and Si). 


of dislocations is of the order of 10% per square em. 
| 


steel and less 


In both cases the number 


Fig. 5 demonstrates this fact, and Fig. 6 shows how 
this etch affects cementite, which develops shallow 


more or less spherical holes of rather constant size 


Some specimens of soft iron etched beforehand were 


deformed 6°, under uniaxial pressure. The etch 
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as Markings to show 


figures serve 


place particular, the riginal sul 


in) 

in this re 
Fig 

a real grain boundary 
The of 


found on hy 


are very useful Example 


7 and 8& 
resemblance 
germanium 
remarkable, but it ture 


may be prem 


as the ori ntation 


conclusions as long 
lites has not been determined. If this 
the method may be very useful 
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